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Abstract of thesis entitled: 
Holocentromeres and the Centromeric Histone H3 Proteins 
Submitted by C H E U N G Wai Kuen 
For the degree of Master of Philosophy 
At the Chinese University of Hong Kong in (September 2011) 
The centromere is a region specialized for spindle fiber attachment on a 
eukaryotic chromosome and essential for accurate chromatid segregation. In most 
eukaryotes, centromere regions have specific D N A sequences and can assemble 
specific proteins to form a protein complex called the kinetochore. Among these 
proteins, the most fundamental one is the centromeric histone H3 (CENH3). In all 
studied functional centromeres, the C E N H 3 has been found and scaffold other 
kinetochore proteins. 
In most eukaryotic metaphase chromosomes, the centromeres are observed as 
constrictions on each of the chromosome. Holocentric chromosomes are the 
exception to this rule because they do not show any centromeric constrictions. 
Luzula nivea is an example in plant which contains holocentric chromosomes. 
In this study, the C E N H 3 of L. nivea, LnCENHS, was expressed and analyzed in 
rice to determine the localization and interaction between LnCENH3 and the rice 
chromosomes. Results showed that LnCENH3 was localized throughout the rice 
chromosomes, like its localization in L. nivea. The LnCENH3-containing rice 
chromosome spreads showed that the primary constriction appeared at metaphase as 
\ i 
ill wild type. Visualization of (3-tubulin revealed that the microtubule attachment site 
might possibly extend from the primary constriction to other parts of the 
chromosome. In vilro D N A binding assay of LnCENH3 and rice C E N H 3 (OsCENHS) 
showed that LnCENH3's affinity to centromeric and non-centromeric D N A 
sequences were similar; whereas the bindings between OsCENH3 and centromeric 
D N A sequences were stronger than that of non-centromeric D N A sequences. To 
further verify the functionality of LnCENHS in rice, transgenic rice with OsCENHS 
RNAi were produced; LnCENH3 expressing and OsCENH3 knock-down rice will be 
obtained by crossing, and whether or not the expression of LnCENH3 in rice will 
result in the formation of functional kinetochore can be evaluated in the future. 
The characterization of holocentromeres and the LnCENH3 protein in this study 
gives an insight on centromere structure, and may allow future applications in plant 
chromosome engineering. 
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Chapter 1 Introduction 
1.1 Centromere and Kinetochore 
Kinetochores are universal and essential components of chromosomes in all 
eukaryotes, which have a conserved set of functions. Kinetochore is a complex 
protein structure which is normally found at a unique locus on each chromosome, 
which is known as a centromere. Primary constriction on a metaphase chromosome 
is often a signature of the centromere. The function of the kinetochore is mainly to 
attach chromosomes to spindle fiber in mitosis and meiosis in order to maintain 
faithful chromosome segregation. Kinetochores are also involved in spindle 
assembly checkpoint pathway and the recruitment of cohesins, which ensure correct 
attachment of microtubules to the kinectochores on sister chromatids (Eckert et al., 
2007; Musacchio and Salmon, 2007). 
As these functions are conserved in eukaryotes, this may lead to the 
assumption that proteins on the kinetochore and the D N A sequences on the 
centromere would be well conserved, yet this is not the case (Black and Cleveland, 
2011). Actually, the region that defines a centromere ranges from about 125 bp in 
Saccharomyces cerevisiae (Furuyama and Biggins, 2007), to more than 3 M b in 
Homo sapiens and Arabidopsis thaliana (Kumekawa et al., 2001; Schueler et al., 
2001), and even to cover the entire length of each chromosome in Caenorhabditis 
elegans and Luzula nivea (Buchwitz et al., 1999; Nagaki et al., 2005). The D N A 
content of the centromere can be very different among closely related species, like in 
the genus Oryza (Lee et al., 2005). Thus there are no conserved D N A sequences 
found. However, it has been found that there is a conserved protein located at the 
centromeric region, namely centromeric histone H3, CENH3, or CENP-A (Black and 
1 
Cleveland, 2011). The C E N 113 is found to be one of the key proteins in kinctochorc 
formation (Chapter 1.3)(Amor et al., 2004). 
1.2 The Kiiietochore Subunits: Centromeric Nucleosomes 
The size of a kinetochore is affected by the length of the centromere where it 
assembles, so it ranges from a point centromere (〜125bp), to a regional centromere 
(〜lOkb-lMb), and to a holocentric centromere (entire chromosome). The centromere 
size can have such a large difference is due to the kinetochore is made of subunits. 
The first pieces of evidence was shown by McClintock in maize that kinetochores 
could divided into smaller pieces (McClintock, 1938). Fragmented mammalian 
kinetochores were also shown to be attached to spindles, and stretched kinetochores 
displayed a punctate subunit structure which became more discontinuous as the 
kinetochores were further stretched (Zinkowski et al., 1991). Fiber-FISH results 
showed punctate subunits (Blower et al., 2002), and recent scanning electron 
microscopy images (Schroeder-Reiter and Wanner, 2009) also suggested a model for 
the structure of kinetochore in which repeated subunits fold together to form the 
kinetochore plate (Figure 1) (Black and Bassett, 2008). This model explains how 
kinetochores of those varied sizes can have a common basic structure. Initial 
researches in human have revealed that the kinetochore contains a 
centromere-specific variant of histone H3, namely CENP-A (Earnshaw and Rothfield, 
1985; Palmer et al” 1987), which replaces canonical histone H3 in centromeric 
nucleosomes (Yoda et al., 2000). This fundamental kinetochore protein is necessary 
to scaffold other kinetochore proteins (Amor et al” 2004). 
As almost all eukaryotes contain C E N H 3 as a kinetochore component (Malik 
and Henikoff, 2003), a common ancestral lineage is expected. Such monophyletic 
0 
expectation was demonstrated in fungal CENI13 proteins (Baker and Rogers, 2006). 
However，the relationship of different C E N H 3 proteins was indistinguishable 
between a monophyletic relationship and convergent evolution from H3 variants 
(Malik and Henikoff, 2003; Dawson et al., 2007). Therefore, “CenH3” is recently 
used to name the class of functional centromere-specific histone H3 variants, 
irrespective of whether or not the protein is an ortholog to CENP-A in human and 
chicken, Cenpa in mouse, Cid in Drosophila, HCP-3 in C. elegans, Cse4 in S. 
cerevisiae, Cnpl/Sim2 in fission yeast, HTR12 in Arabidopsis, or CENH3 in rice and 
maize (Amor et al” 2004), in order to term the ambiguous relationship and 
nomenclature. 
The centromeric nucleosomes in vivo structure has been under vigorous debate. 
The most conventional octameric nucleosome view proposes that the nucleosome 
contains two copies of each CenH3 (replacing H3), H2A, H2B, and H4 (Conde e 
Silva et al., 2007; Camahort et al., 2009; Sekulic et al., 2010; Dechassa et al., 2011; 
Tachiwana et al., 2011), and the D N A supercoils around the histones with a left-hand 
twist (Sekulic et al., 2010; Dechassa et al., 2011). Another model called "reversome" 
proposed by Lavelle et. al. (2009) suggests a right-handed D N A supercoiling version 
of octameric nucleosome R-(H2A/H2B/H4/CenH3)2, in contrast to the canonical 
left-handed D N A supercoiling octameric nucleosome. The centromeric nucleosomes 
of Drosophila melanogaster are consisted of heterotypic R-tetramers, the 
“hemisome,，，which contain one copy of CenH3, H2A, H2B, and H4 each (Dalai et 
al., 2007; Wang et al., 2008; Furuyama and Henikoff, 2009). The centromeric 
nucleosomes of Schizosaccharomyces pombe were found to be containing 
"tetrasome" with two copies of the CenH3 and H4 but lacking the H2A-H2B dimers 
(Black et al., 2004; Sekulic et al., 2010). Other models like "hexasome" containina 
O 
-> 
(CenH3-H4-Scm3)2 (Mizuguchi et al., 2007), or "trisome" containing 
R-CenH3-H4-Scm3 (Furuyama and Henikoff, 2009) are proposed in budding yeast, 
in which ScmS is a histone chaperone (Shivaraju et al., 2011; Zhou et al., 2011). All 
of the above models propose the canonical H3 are replaced by CenH3, and in a 
homotypic manner if there are two CenH3 proteins (Black and Cleveland, 2011). 
Regardless of the differences between each models, better understand of the packing 
of centromeric D N A may give insight on how the kinetochore can be formed and 
how it links the D N A to the microtubules. 
• H3-containing •CENH3-conta丨ning CENHS^^c 
nucleosome nucleosome 
Figure 1 Current model of a kinetochore basic structure. 
A model illustrates about the basic structures of the kinetochore. Circles represent 
H3-containing nucleosomes. Squares represent CENH3-containing nucleosomes. 
Cup shapes represent C E N H 3 Nucleosome Associated Complex (NAC). (Black and 
Bassett, 2008; Krebbs et al., 2010) 
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1.3 CcnH3: The Centromere Specific Histone 
CenH3 is one of the most conserved proteins in the kinetochore (Black and 
Cleveland, 2011). Ectopic formation of kinetochores was demonstrated to be related 
to CenH3 overexpression (Van Hooser et al., 2001; Moreno-Moreno et al., 2006). 
When CenH3 expression was silenced, normal kinetochore functions were lost and 
the chromosomes failed to segregate correctly (Oegema et al., 2001). 
The CenH3s are similar to the canonical histone H3 in structure, as they both 
consist of an N-terminal tail and a histone fold domain (HFD). The H F D contains 
loops that separate four a-helices (aN, al, al and a3) (Figure 2) (Luger et al., 1997). 
The N-terminal tails of CenH3 proteins are highly variable among different taxa and 
the length of the N-tails are usually longer than the canonical H3 (Henikoff et al., 
2001). The C-terminal tails of the CenH3 proteins are usually conserved (Figure 2). 
On the contrary, the H F D of CenHSs share more than a half of the amino acid 
identity with the H F D of H3s (Figure 2). The loop 1 region of CenHSs is typically 
longer than those in other H3s (Malik and Henikoff, 2003). There are 2 extra amino 
acid residues in human CENP-1 loop 1 compared with H3, and the deletion of these 
2 amino acid results in reduced retention stability of CenH3 in the centromeres 
(Tachiwana et al., 2011). Furthermore, when comparing regions from A118 to N123 
in A. thaliana H3 (Figure 2), a variety of amino acids are replaced in the region from 
the end of al-helix through most of loop 1 in CenH3. The variable region is stopped 
by an arginine residue (R124) which contacts D N A in H3 (Talbert et al., 2009). Next 
to this arginine residue, tryptophan (W) residue in CenH3 is often used to replace 
phenylalanine (F) in H3 (Figure 2). However, this particular residue was found to be 
interchangeable between W and F; substitution of W with F did not change the 
5 
localization of CENP-A nor affect the viability of Cse4 (Shelby ct al., 1997; Keith cl 
aL 1999), whereas substitution of W with Y (Tyrosine), E (Glutamic acid) or I) 
(aspartic acid) in Cse4 is lethal (Keith et al., 1999). 
Therefore, the structure of loop 1 is important and is considered to favor the 
binding with other histories and to stabilize the 4 helices within the CenH3 protein, 
which promotes the formation of centromeric nucleosomes (Dalai et al., 2007). 
6 
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Figure 2 The Sequence alignment of different CENHSs and histone H3s. 
Sequence alignment of C E N H 3 from: Arabidopsis thaliana, Arabidopsis arenosa, 
Oryza sativa, Oryza latifolia, Zea mays and Luzula nivea. The histone H3 of A. 
thaliana, O. sativa and Z mays are also included in the alignment. The alignment 
was generated by using ClustalW software. Boxes indicate helices in the histone fold 
domain. An “*’，(asterisk) indicates identical residue. A “:” (colon) indicates highly 
conserved residue. A ‘‘.，, (period) indicates partially conserved residue. 
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1.4 The Centromeric DNA: Tandem Repeats and Retrotransposons 
In a typical regional centromere (Chapter 1.6), the centromere complex 
comprise of proteins that bind to highly repetitive D N A satellites (Ma et al., 2007; 
Gill et al., 2008; Lamb et al., 2008). For examples, a 171 bp a-satellite repeat was 
found in human (Rudd et al., 2006), a 178 bp pALl repeat was identified in 
Arabidopsis thaliana (Murata et al., 1994; Heslop-Harrison et al., 1999) and a 156 bp 
CentC satellite repeat was found in maize (Jin et al., 2004). Besides centromere 
satellite repeat, a centromeric retrotransposon (CR) element was also found in maize, 
which is known as C R M . Similarly, highly conserved motifs in the long terminal 
repeats (LTR) of the C R elements as well as the CentO satellites were identified in 
the centromeric D N A of rice (Figure 3)(Cheng et al., 2002). The CentO repetitive 
sequence contains 〜155 bp monomer (Figure 10) and the major class of 
LTR-retrotransposons in rice centromeres is known as C R R (Figure ll)(Ma and 
Jackson, 2006). 
The satellite repeats and the retrotransposons not only are segments of D N A 
sequence per se which form the kinetochore subunit, but they are also found to be 
transcribed into functional R N A s (Neumann et al., 2011). It was found that C R M 
retrotransposon transcripts were one of the R N A components of maize centromeric 
chromatin. It has been suggested that centromeric retrotransposons are also important 
factors for the centromeric chromatin structure (Topp et al., 2004). In rice, the C R R 
elements R N A transcripts were found to be processed by the R N A interference 
pathway, and it was suggested that the C R R elements might play a role in the 
formation and maintenance of centromeric heterochromatin via RNAi-mediated 
pathway (Neumann et al., 2007). Rice repetitive sequences including CentO repeats 
were also found to be actively transcribed (Yan et al., 2006). 
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The role of centromeric D N A sequences in kinelochore formation is still 
unknown, and the recent findings on the retrotransposon transcripts bring new insight 
into this area. 
1.5 The Genetic and Epigenetic Nature of the Centromeres 
In Drosophila, overexpression of CenH3 forms ectopic kinetochores at 
non-centromeric loci (Heun et al., 2006). This shows the importance of CenH3 in 
centromeric nucleosomes formation and kinetochore assembly, and more importantly, 
it shows the epigenetic nature of the centromere-kinetochore complex. Important 
evidence showing kinetochore formation under the control of epigenetic factors 
comes from the discovery of neocentromeres. This type of functional kinetochores 
have been described in rye, maize, barley and human (Amor and Choo, 2002; 
Nasuda et al., 2005; Puertas et aL, 2005; Topp et al., 2009). Such discoveries imply 
that the assembly of kinetochore can be D N A sequence independent. However, the 
kinetochore actually has preferences on centromeric D N A sequences, as some loci of 
D N A repeats are found to be maintained for thousands of millenniums (Schueler et 
al., 2005;0bado et al., 2007). 
The mechanism of kinetochore maintenance at specific centromeric loci is not 
well understood, and the mechanism may not be universal among different species. 
Major factors that are likely to affect the kinetochore formation are the amino acid 
sequence of the histone fold domain of CenH3 proteins (Shelby et al., 1997; Keith et 
al., 1999; Vermaak et al., 2002), the histone chaperone Scm3 (Cho and Harrison, 
2011; Zhou et al., 2011) and degradation of mis-incorporated CenH3 proteins 
(Collins et al., 2004; Moreno-Moreno et al., 2006; Ranjitkar et al., 2010; 
Gkikopoulos et al., 2011). 
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Tlie centromeric D N A sequence indeed may play a role in kinctochorc 
formalion, despite of the fact that assembly of kinetochore can be D N A sequence 
independent (mentioned above). Native maize centromere sequence was found to be 
crucial in assembling functional kinetochores on maize artificial chromosomes 
(Ananiev et al., 2009). Therefore, whether genetics or epigenetics is the major 
governor in centromere specification might be different among different class of 
centromeres and among different species. 
1.6 Point Centromeres and Regional Centromeres 
The point centromeres found in budding yeast comprise of only 125bp CEN 
element, which is necessary and sufficient to specify centromere identity and 
function (Furuyama and Biggins, 2007). The 125bp CEN element is composed of 3 
different zones of centromere D N A elements: CDE-I, CDE-II, and CDE-III (Figure 
3). Only the length and richness of AT content are conserved within the CDE-II 
region, whereas the regions CDE-I and CDE-III are very conserved as they provide 
binding sites for the kinetochore proteins (Clarke, 1990). These binding sites are 
vital for scaffolding a CenH3-nucleosome onto every centromere (Meluh and 
Koshland, 1997; Furuyama and Biggins, 2007). Point centromere is uncommon in 
other eukaryotes. The most common types of centromeres found in eukaryote are 
regional centromeres, as found in human, Drosophila, Arabidopsis, rice and maize 
(Guerra et al., 2010). 
Regional centromeres of eukaryotes can range from thousands of base pairs to 
megabases, and CenHSs are binding to highly repetitive D N A satellites. The 
regional centromeres are often shown to be at primary constrictions under 
microscope (Schroeder-Reiter and Wanner, 2009). Rice is one of the examples as 
have been described in Chapter 1.4. 
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Figure 3 Centromere Specification of Different Chromosome Types. 
Rapidly changing centromeric D N A sequence in length, composition, and 
organization is compared to the conserved presence of nucleosomes containing 
CenH3 (Yan et al, 2008; Black and Cleveland, 2011). 
1.7 Holocentric Chromosomes 
Holocentric chromosomes (sometimes described as holokinetic chromosomes) 
do not have primary constrictions, and instead have kinetochore plates extended 
throughout the whole chromosome or almost the whole length. The sister chromatids 
of classical holocentric chromosomes are separated from each other parallel to the 
equatorial plate in mitotic anaphase, and the spindle fibers attachment along the 
chromatid length (Guerra et al., 2010). Chromosome fragments are persistently found 
in holocentric chromosome after irradiation (de Castro et al., 1949; LaCour, 1953). 
These phenomena shown in holocentric chromosomes are collectively termed 
holocentrism. Indeed, this kind of chromosome structure can be found among many 
organism, including green algae, protozoan, some invertebrate phyla, two plant 
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raniilics (Cypcraccac and Juncaccac) which are closcly related (Luccno cl al., 1998; 
Real son cl al., 2007; Guerra et al., 2010), and several other plant genera such as 
Cuscu/a and Drosera (Mola and Papeschi, 2006). 
The mostly we 11-studied organisms with holocentric chromosome are the model 
nematode, Caenorhabditis elegans. C. elegans CenH3, is known as holocentric 
protein 3 (HCP-3). It was found to localize on the entire chromatin of the 
chromosome. These chromosomes assemble a trilaminar kinetochore at metaphase 
(Albertson and Thomson, 1982; Buchwitz et al., 1999; Oegema et al., 2001). 
Knock-down of CeHCPS causes disruption of kinetochore formation and spindle 
attachment (Oegema et al., 2001). The most abundant repetitive D N A sequences on 
the genome of C. elegans are the miniature inverted-repeat transposable element 
(MITE)-like repeats (DNA transposon). Three out of four MITE families displayed 
an even distribution on the chromosome, and the remaining family was observed 
clustering near the ends of the autosomes (Surzycki and Belknap, 2000). However, 
no research has been done on whether the HCP-3 co-localizes with the MITE or not. 
In plant, popular models for holocentric chromosome investigation are found in 
the genus Luzula, particular a species of Luzula nivea. Similar to C. elegans’ the 
chromosomes of L. nivea also contain the trilaminar structure and the CenH3 of L. 
nivea (LnCENHS) also localizes along the whole length of the chromosome (Nagaki 
et al., 2005; Moraes et al., 2011). Longitudinal centromere groove along almost the 
entire chromosome was characterized in Luzula elegans by scanning electron 
microcopy (Heckmann et al., 2011), which supports the model of centromere 
extension mechanism (Figure 4) (Nagaki et al., 2005; Heckmann et al., 2011). The 
CenH3 of Z. nivea was expressed in Arabidopsis and tobacco BY-2 cells, and mainly 
showed a dispersed pattern on the chromosomes but sometimes it localized to the 
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centromeric region oU\\q Arabidopsis chromosomes (Nagaki et al., 2010). However, 
it was also found that the LnCENHS cannot even target to the Arabidopsis nucleus 
when expressed in stably transformed Arabidopsis (Moraes et al., 2011). Therefore, it 
is still not clear whether the LnCENHS plays a role in kinetochore formation in 
monocentric species. In addition, a 178bp repetitive D N A sequences LCSl was 
found to form 5 large clusters on each chromosome of L. nivea (Haizel et al” 2005). 
However, the question of whether this repetitive sequence can co-localize to 
LnCENHS remains unanswered. The studies on holocentric chromosome remain as 
an important direction for the understanding of kinetochore formation 
• 
Figure 4 Model of centromere extension mechanism. 
Blue represents chromatin. Red represents kinetochore. Nagaki et al. (2005) 
proposed that a turn by 90。of the direction of kinetochore formation might lead to 
the extension of centromeric area. This model is supported by recent S E M data 
(Heckmann et al., 2011). Figure is adapted and modified from Nagaki et aL,2005. 
1.8 Hypothesis 
Centromeres of monocentric chromosomes localize to a distinct locus on a 
chromosome, whereas centromeres of holocentric chromosomes diffuse along the 
entire chromosome. Since CenH3 is universally essential for kinetochore formation 
in both monocentric and holocentric chromosomes, so here I hypothesize that, 
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IVom organism with holocentric chromosomes is the key factor thai causcs 
holocentrism, and may have a chance to assemble additional centromeres on 
monocentric chromosome species such as rice. Thus, CenH3 from L. nivea and 
HCP3 from C. elegans were expressed in rice and their effects on centromere 
behavior were analyzed. The aims of this study are: 
1. To generate transgenic rice that express CenH3 of C. elegans, the CeHCP3. 
2. To generate transgenic rice that express CenH3 of L. nivea, the LnCENHB. 
3. To localize the expressions of CenH3 proteins in transgenic rice. 
4. To analysis whether holocentrism is shown in the transgenic rice mentioned in 
aim 1 and 2. 
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Chapter 2 Materials and methods 
2.1 Chemicals 
All the chemicals used were of molecular grade or reagent grade, and were 
purchased from Sigma-Aldrich Corp., unless otherwise specified. Restriction 
enzymes and other enzymes for molecular biology experiments were obtained from 
New England Biolabs, Inc., Roche Applied Science, Inc., invitrogen Corp., and Kapa 
Biosystems Inc. 
2.2 Bacterial strains in routine cloning 
Escherichia coli strain DH5a competent cells prepared by the Inoue method 
(Sambrook and Russell, 2006), were used for chimeric gene construction. For rice 
transformation, Agrobacterhim tiimefaciens strain EHA105 competent cells were 
prepared by the method according to Hofgen and Willmitzer (Weigel and Glazebrook, 
2002b). 
2.3 Plant materials in cloning and transformation 
Oryza sativa L. japonica. cv. Nipponbare was grown in Gene Garden (The 
Chinese University of Hong Kong). Seeds were used in rice transformation. For 
cloning CenH3 genes of Liizula spp., L. effusa, L. multiflora and L. taiwaniana were 
collected at the central mountains of Yangmingshan National Park and, Taiwan by 
Prof. C.N. Wang (National Taiwan University) and Mrs. Sylvia C L . Cheung (The 
Chinese University of Hong Kong), and was kindly provided by them. 
2.4 Construction of LnCENH3-GFP and CeHCP3-DsRED chimeric gene 
cassettes for rice transformation 
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Tlic Agrohac/erium binary vector plJN 1301 used in ricc trans form at ion was 
obtained iVom Dr. K. Chong (The Chinese Academy of Sciences). The vector is 
around 14 kb in size which contains a left and a right border flanking a hygromycin 
resistance gene, an intron-GUS gene and a multiple cloning site sandwiched by an 
Libiquitin promoter and a N O S terminator (Figure 5). The chimeric genes were 
introduced between the BamHl and Sad site. 
For the construction of LnCENH3 gene fragment, LnCENH3-A gene was 
synthesized according to published sequences (Nagaki et al., 2005) by Genscript. A 
50|ul P G R reaction mixture containing 2|ul of plasmid D N A of LnCENH3-A, IX 
AccuPrime™ Pfx Reaction Mix, 0.3 I^M of forward primer PI (Table 1), 0.3|LIM of 
reverse primer P2 and 1 unit of A c c u P r i m e T M pfi D N A Polymerase (Invitrogen) was 
prepared. The P G R conditions were as follow: 95°C for 5 minutes, then 35 cycles at 
95°C for 15 seconds, 55 °C for 30 seconds and 68。C for 1 minute, followed by 1 
cycle at 68°C for 10 minutes. The reaction was maintained at 4°C after cycling. 
Similarly, for the GFP, CeHCP3 and DsRED gene fragments, PGR 
amplifications were done by changing the primers to P5/P6, P3/P4 and P7/P8 
respectively and the D N A templates used were pWY9-GFP, pOD303-CeHCP3 (from 
Dr. K.W. Yuen, University of California at San Diego) and 
pCAMBIA3301 -wCENH3-DsRed (from Ms. L. Liu) respectively. The 5' BamHl 
and 3' Spe\ restriction sites were introduced into the LnCENHS and CeHCP3 gene 
fragment and the stop codon of the genes were removed through P G R amplification 
mentioned above. The 5' Spel and 3' Sad restriction sites were introduced into the 
GFP and DsRED D N A fragment and the start codon of the genes were removed 
through P C R amplification mentioned above. 
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Alter clcclroplu^ rcsis in 0.8% agarose gcl, the target bands were cut and purified 
by Gel Extraction Kit (QIAGBN) according to manufacturer's protocol, and the 
target D N A fragments were eluted in 50|LIL MilliQ H2O. A-tailing was then 
performed by adding 1|LIL of Taq D N A polymerase (New England Biolabs) and 2|IL 
of AccuPrime™ Pfic buffer (Invitrogen) into 17|LIL of purified D N A template, and 
incubating in 72°C for lOmin. 1.5|LIL of A-tailed products were LIgated into 1.5|LIL 
pCR®2.1 vector in 10|UL reaction mix with IX ligation buffer and 1|LIL T4 D N A 
ligase from Invitrogen T A Cloning® Kit. 
After restriction enzyme digestion of LnCENH3 and CeHCP3 with BarnHMSpel, 
GFP and DsRED with SpeVSacl, and the binary vector pUN1301 (Figure 5) with 
BamHl/Sacl, the purified fragments of LnCENH3 and GFP were ligated into 
pUN1301 (Figure 6) by three fragments ligation; CeHCP3 and DsRED were also 
ligated into pUNlSOl (Figure 7) by three fragments ligation. Subsequently, the 
ligated products were transformed into E. coli DH5a competent cells by heat shock 
method (Sambrook and Russell, 2006). The constructs were checked and verified by 
restriction mapping and D N A sequencing. 
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Table I Prilllcrs uscd for thc construction and scrcening of LnCENH3-(;FP 
and CclICP3-DsH.EI) 
Restriction 
peR Primer Nucleotide sequence enzyme cutting 
sites 
PI LnCENH3 F GGG A TC CAT GGC TCG GAC GAA ACA C BamHI 
P2 LnCENH3 R GAC TAG TTG CAC CTA TTC GCC TAG C SpeI 
P3 CeHCP3 F GGG A TC CAT GGC CGA TGA CAC CCC A BamHI 
P4 CeHCP3 R GAC TAG TGA GAT GTC GAA GGC AGA G Spel 
PS GFP-ATG F GAC TAG TGT GAG CAA GGG CGA GGA G Spel 
P6 GFP R GGA GCT CTT ACT TGT ACA GCT CGT C SacI 
P7 DsRED-A TG F GAC TAG TGC CTC CTC CGA GAA CGT C SpeI 
P8 DsRED R GGA GCT CCT ACA GGA ACA GGT GGT G Sac I 
P9 Hyg F GCT GTT A TG CGG CCA TTG TC --
PIOHygR GAC GTC TGT CGA GAA GTT TC --
Prilners were used for Inaking and screening of LnCENH3-GFP and 
CeHCP3-DsRED in transgenic expression of rice. Restriction enzylne cutting sites 
are underlined for the cloning into plant expression binary vector pUN 130 1. 
Restriction enzylne cutting sites for LnCENH3 and CeHCP3 are BamHIISpeI; GFP 
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Figure 5 Map of the binary vector pUNlSOl. 
The pUNlSOl vector (〜14kb in size) is from Dr. K Chong (Institute of Botany, 
Chinese Academy of Sciences). It contains a left and right border flanking a 
hygromycin resistance gene, an intron-GUS gene and a multiple cloning site 
sandwiched by an ubiquitin promoter and a N O S terminator. 
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Figure 6 Full length D N A and amino acids sequence of the chimeric gene encoding 
the LnCENH3-GFP fusion protein. 
Underlined sequence represents location of restriction site of Spe\ which joins the 
two gene fragments together. The stop codon of LnCENHS gene fragment was 
removed and the start codon of GFP gene fragment was also removed. 
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c a a g c g c c g c a g g t g t c a a c g a t t t g a t c g a c a t t c t g a a c c a g t a t a a g a a g g a g c t t 
g a g g a t g a t g c a g c c a a c g a c t a c a c t g a a g c g c a c a t c c a c a a a a t t c g a t t g g t c a c 
a g g c a a a c g g a a t c a a t a t g t c t t g a a g t t g a a g c a a g c c g a a g a c g a a t a t c a c g c g c 
g a a a a g a g c a a g c t c g g a g a a g a g c t t c g t c t a t g g a t t t c a c g g t c g g c a g a a a t t c c 
a c g a a t c t t g t c g a t t a c t c c c a c g g c c g t c a t c a t a t g c c c t c a t a c c g t c g a c a c g a 
t a g c t c c g a c g a a g a a a a c t a t t c t a t g g a t g g a a c a a a t g g c g a t g g a a a t a g a g c t g 
g c c c a t c g a a c c c c g a t c g t g g t a a t a g a a c t g g c c c a t c g a g c t c c g a t c g c g t g c g g 
a t g a g a g c c g g a a g g a a c a g a g t c a c c a a a a c g a g a c g t t a t a g a c c g g g c c a g a a g g c 
a t t g g a a g a g a t c c g c a a g t a c c a a a a a a c t g a a g a c c t t c t g a t t c a a a a g g c t c c g t 
t c g c a c g c c t c g t c c g c g a a a t t a t g c a g a c t t c c a c t c c a t t t g g c g c c g a c t g c c g t 
a t t c g t c c t g a c g c c a t c a g t g c t c t t c a a g a a g c g g c g g a a g c a t t t t t g g t c g a a a t 
g t t c g a a g g a t c g t c t c t t a t a t c c a c c c a t g c g a a a c g t g t c a c a c t c a t g a c a a c g g 
a t a t t c a g t t a t a c a g a c g t c t c t g c c t t c g a c a t c t c a c t a g t g c c t c c t c c q a q a a c 
g t c a t c a c c g a g t t c a t g c g c t t c a a g g t g c g c a t g g a g g g c a c c g t g a a c g g c c a c g a 
g t t c g a g a t c g a g g g c g a g g g c g a g g g c c g c c c c t a c g a g g g c c a c a a c a c c g t g a a g c 
t g a a g g t g a c c a a g g g c g g c c c c c t g c c c t t c g c c t g g g a c a t c c t g t c c c c c c a g t t c 
c a g t a c g g c t c c a a g g t g t a c g t g a a g c a c c c c g c c g a c a t c c c c g a c t a c a a g a a g c t 
g t c c t t c c c c g a g g g c t t c a a g t g g g a g c g c g t g a t g a a c t t c g a g g a c g g c g g c g t g g 
c g a c c g t g a c c c a g g a c t c c t c c c t g c a g g a c g g c t g c t t c a t c t a c a a g g t g a a g t t c 
a t c g g c g t g a a c t t c c c c t c c g a c g g c c c c g t g a t g c a g a a g a a g a c c a t g g g c t g g g a 
g g c c t c c a c c g a g c g c c t g t a c c c c c g c g a c g g c g t g c t g a a g g g c g a g a c c c a c a a g g 
c c c t g a a g c t g a a g g a c g g c g g c c a c t a c c t g g t g g a g t t c a a g t c c a t c t a c a t g g c c 
a a g a a g c c c g t g c a g c t g c c c g g c t a c t a c t a c g t g g a c g c c a a g c t g g a c a t c a c c t c 
c c a c a a c g a g g a c t a c a c c a t c g t g g a g c a g t a c g a g c g c a c c g a g g g c c g c c a c c a c c 
t g t t c c t g t a g ( 1 5 4 5 b p ) 
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TNLVDYSHGRHHMPSYRRHDSSDEENYSMDGTNGDGNRAGPSNPDRGNRTGPSSSDRVR 
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Figure 7 Full length D N A and amino acids sequence of the chimeric gene encoding 
the CeHCP3-DsRED fusion protein. 
Underlined sequence represents location of restriction site of Spe\ which joins the 
two gene fragments together. The stop codon of CeHCPS gene fragment was 
removed and the start codon of DsRED gene fragment was also removed. 
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2.5 Cloning of CENH3 gene of Liizula spp. 
Plant total R N A extraction was performed by using RNeasy Plant Mini Kit 
(QIAGEN) according to manufacturer's protocol. The first strand synthesis was 
performed by using PmtoScript® M - M u L V Taq RT-PCR Kit (New England 
BioLabs), in which l|Lig of total R N A was used. The P G R amplification was done by 
using K A P A HiFi P G R Kits according to manufacturer's protocol, in which primer 
PI and P2 (Table 1) were used at 65°C annealing temperature. After electrophoresis 
in 0.8% agarose gel, the target bands were cut and purified by Gel Extraction Kit 
(QIAGEN) according to manufacturer's protocol, and the target D N A fragments 
were eluted in 50|LIL MilliQ H2O. A-tailing was then performed as described 
previously (Chapter 2.4). 2\iL of A-tailed products were ligated into IjiL p G E M ® - T 
vector in 10|LIL reaction mix with IX ligation buffer and IFIL T4 D N A ligase from 
Promega T A Cloning® Kit. After 16 hours of incubation at 16°C, the ligation 
product was transformed into E. coli DH5a cells. After enzyme digestion screening 
of clones with BamWHSpel, the plasmid were sent to BGI-Hong Kong Co. Ltd. for 
D N A sequencing. 
2.6 Construction of full length OsCENH3 RNAi and 150bp OsCENH3 RNAi 
constructs for rice transformation 
Two pTCK303-OsCENH3-RNAi constructs which contain full length 
OsCENH3 (Figure 8) and 150bp OsCENHS gene fragment (Figure 9) driven by 
constitutively expressed ubiqutin promoter, and two RNAi constructs of the same 
sequences of the 150bp and full length OsCENHS driven by estrogen inducible 
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promoter in per8 plasmid (Zuo et al., 2000) were constructed by L. Zhang for the 
silencing of endogenous rice CenH3 gene. 
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Figure 8 Map of the pTCK303-OsCENH3-RNAi construct. 
The pTCK303-OsCENH3-RNAi construct is 〜15.6kb in size, contains a sense and an 
antisense full length rice C E N H 3 gene (Accession no. AY438639) flanking a rice 
intron. The RNAi transcript is driven by an ubiquitin promoter. The full length 
OsCENHS is replaced by 150bp OsCENHS gene fragments in the 150bp version of 
RNAi 
construct. The pTCK303 vector is designed for constitutive expression of the 
RNAi construct in monocot (Wang et al., 2004). 
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Figure 9 D N A sequence of the OsCENH3 gene and a 150bp fragments. 
Full length D N A and amino acids sequence of 495bp encoding OsCENHS, accession 
no. AY438639. Underlined sequences represent the 150bp gene fragment and the 
encoded peptide containing the aN helix and al helix region of OsCENH3 used in 
150bp version of RNAi construct. 
2.7 Agrobacterium-med'miQd transformation of rice {Oryza sativa L. japonica. 
cv. Nipponbare) 
The media (Table 2) and methods for rice transformation were as described by 
Nishimura et al (Nishimura et al., 2007). 
Plasmids containing the chimeric gene LnCENHS and CeHCP3, and pUNlSOl 
empty vector were introduced into the Agrobacterium strain EHA105 by 
Freeze-Thaw method (Weigel and Glazebrook, 2002b). Agrobacterium cultures 
containing the constructs were freshly prepared by streaking the stock on LB plate 
with 50|Lig/mL kanamycin and rifamycin 50|ig/mL. Single colony was picked and 
inoculated into 5mL LB with appropriate antibiotics at 28 °C for 1 day. Using lOOjuL 
of the bacterial culture to inoculate into lOmL LB in the next day and was kept at 
28。C for 16 hours. Prior to co-cultivation, the bacterial culture was pelleted by 
centrifugation at 4,000g for 5 minutes and resuspended in lOmL liquid NeD^ medium 
(Table 2). The optical density at ODeoo of the culture was measured. Next, the culture 
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was ccnlrifugcd and rcsuspended in 10-15 m L liquid N^D〗 medium with lOO^iM 
acctosyringone, to make the Agwbaclerium suspension at about 0.2 in OD600, and 
was used for rice transformation. 
The husks of mature rice seeds were first removed. Seeds were transferred into 
lOOmL conical flask and washed with lOOmL 70% ethanol for 1 minute with 
continuous shaking, and then sterilized in lOOmL 50% Clorox for 45 minutes at room 
temperature with continuous shaking at 200 rpm. Seeds were rinsed with sterilized 
water for 5 times and blotted dry. Sterilized seeds were placed on callus induction 
medium (Table 2) and incubated in dark at 28 °C for 2 weeks. Two rounds (per 3 
weeks) of subculture were done to obtain enough calli for transformation. 
Induced calli were dried with sterilized filter paper, and were then immersed in 
the Agrobacteriiim suspension cells prepared (as described above) for 20 minutes 
with occasional shaking. After blotting dry with sterilized filter paper, the calli were 
transferred onto co-cultivation medium (Table 2) and kept at 28 °C for 3 days in the 
dark. 
After the co-cultivation, calli were blot-dried and transferred onto selection 
medium (Table 2) with 500|ig/mL cefotaxime and 50|Ltg/mL hygromycin. The calli 
were incubated at 28。C in darkness for 2 to 3 months, with subculture every 3 weeks 
on selection medium with 50|Lig/mL hygromycin. 
The resistant calli obtained after selection were transferred onto regeneration 
medium (Table 2) with 50|Lig/ml hygromycin. Calli were placed in the dark at 28 °C 
for 1 week and then transferred into growth chamber with 16/8 hours day/night 
cycles at 25 °C for 3 weeks. After regeneration, the calli with shoots were transferred 
onto rooting medium (Table 2) and placed in growth chamber at 25°C with 16/8 
hours day/night photoperiod until the plantlets were formed. 
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Ivicc planllets were removed from the rooting medium. After washing of、the 
remaining agar, the plantlets were placed in Yoshida medium (Yoshida et al., 1976) 
for 1 to 3 weeks before planting into soil. All the transgenic rice in this project was 
grown in Greenhouse and Gene Garden (The Chinese University of Hong Kong). 
Table 2 Media used in rice transformation. 
N6 (Chu et al., 1975) nutrients and vitamins, casein 
hydrolase l.Og/L, proline 0.5g/L, glutamine 0.5g/L, 
N6D2 sucrose 30g/L, 2,4-D 2mg/L, pH 5.8, 3.0g/L Gelrite (for 
solid medium only) 
Co-cultivation medium A S 100 ^ M , Gelrite 3.0g/L, pH 5.8 
Osmotic medium N^D^, 30g/L mannitol, 3Og/L sorbitol, pH 5.8 
Selection medium NsD�，hygromycin B 50|Lig/ml, Gelrite 3.0g/L, pH 5.8 
N6 nutrients and vitamins, hygromycin B 50|ig/ml , 
casein hydrolase 0.3g/L, proline 0.5g/L, glutamine 
Regeneration medium 0.5g/L, N A A Img/mL, 6BA 3mg/mL, Gelrite 3g/L, pH 
5.8 
1/2 M S (Murashige and Skoog, 1962) nutrients, 1/2 Ne 
Rooting medium vitamins, hygromycin B 50|ig/ml, gelrite 3g/L, pH 5.8 
2.8 Gene gun transformation of rice {Oryza sativa "L. japonica. cv. Nipponbare) 
by Biolistic FDS-lOOO/Re™ System (Bio-rad) 
The methods used for gene gun transformation followed the one described by 
Liu (Liu, 2010). 
Preparation of gold particle was performed in sterilized condition. In a L 5 m L 
microcentrifuge tubes, 500|LIL cold 100% ethanol was added into 15mg of 0.6网 
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gold particlc and was sonicated for 15 seconds. The tube was settled for 30 minutes, 
ccntrifuged al 5000 rpm for 1 minute. The supernatant was discarded and 
resuspended in ImL cold ethanol. This rinse steps were repeated twice. For the third 
times, 500|LLL of ice water was added to resuspend the gold particles and was 
sonicated for 15 seconds. The gold particle was aliquot into 50iuL per tube and stored 
in -20。C. 
To coat D N A onto the gold particle, Ijag of target plasmid D N A was added to 
50)LIL of prepared gold particle described above, mixed by tapping. SOiuL of 2.5M 
filter-sterilized CaCl〗 and 20|LIL of filter-sterilized spermidine (0.1%) was quickly 
added and vortexed continuously for 10 minutes at low speed. The tube was 
centrifuged for 15 seconds at 5000 rpm and the supernatant was discarded. The gold 
particles were washed by adding 250|LIL of 100% ethanol followed by centrifugation 
for 15 seconds at 5000 rpm to remove supernatant. 140|iL of 100% ethanol was 
added to resuspend the gold particles by votexing, and was ready for 10 
bombardments. 
10|LIL of DNA coated gold particle was added onto the center of pre-sterilized 
macro-carrier, and spread evenly by a pippet tip, and used for transformation 
according to manufacturer's protocol. The pressure of 650 psi was used and the 
bombardment distance was 6cm. Induced rice callus (Chapter 2.7) was pre-treated on 
osmotic medium (Table 2) 6 hours before the bombardment, and was recovered on 
selection medium 25°C 16 hours after bombardment, the callus was then transferred 
to selection stage. The selection, regeneration, rooting and plantation stage 
treatments were the same as described in Chapter 2.7. In total 30 bombardments were 
performed, 10 for LnCENH3-GFP, 10 for CeHCP3-DsRED and 10 for pUN1301 
empty vector (Chapter 2.4). Another 20 bombardments were performed by Liu L., 5 
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for full length version and 5 for 150bp version of pTCK303-OsCliNI 13-RNAi, 5 for 
lull length version and 5 for 150bp version of per8 RNAi construct (Chapter 2.6). 
About 50 pieces of calli were transformed for each bombardment. 
2.9 Detection of transgenes expression 
Transgene expressions were detected at D N A , R N A and protein level, by PCR 
and Fluorescence in situ hybridization (FISH), RT-PCR and fluorescence 
microscopy/western blot, respectively. 
Genomic D N A s were extracted from young leaves of the regenerated plantlets. 
About 100 m g of leaf samples were placed in a 2-ml tube. A tiny steel ball was 
added to each leaf tissue, and the leaf was homogenized by vigorous shaking for 1 
minute after treated with liquid nitrogen. 500|LIL of D N A extraction buffer (0.5 M 
NaCl, lOOmM Tris-HCl pH 8, 50 m M E D T A pH 8.0 and 1.33% (w/v) SDS) was 
added and vortexed for 1 minute. The samples were then centrifuged at 14,000 xg 
for 10 minutes and the supernatants were transferred to new tubes. 0.6X volume of 
isopropanol was added to the supernatant and the samples were kept at -20°C for 1 
hour to precipitate the D N A . D N A pellets were obtained after centrifugation at 
16,000 g for 30 minutes, washed with 500|aL of 70% ethanol. The pellets were 
air-dried and then dissolved in 50|LIL of Milli-Q water. A 50|IL P C R reaction 
mixture containing 3jLiL of template genomic D N A , IX Standard Taq Buffer, 
300|IM dNTPs, 0.3|LIM of forward primer (Table 1), 0.3|LIM of reverse primer and 1 
units of Taq D N A Polymerase was prepared. The P C R conditions were as follow: 
95°C for 5 minutes, then 35 cycles at 95。C for 45 seconds, 55°C for 30 seconds and 
72°C for 60 seconds, followed by 1 cycle at 72。C for 10 minutes. PCR products 
were checked on 0.8% agarose gel. 
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1 isi 1 was preformed as previously described (Xu and Yu, 2011)，with 
LnCENI13-GFP in pUNlSOl vector used for probe synthesis and the Alexa Fluor 
594-dUTP was used to label the probe. 
R N A extraction was performed by using RNeasy Plant Mini Kit (QIAGEN) 
according to manufacturer's protocol. The first strand synthesis was performed by 
using PmtoScript® M - M u L V Tag RT-PCR Kit (New England BioLabs), and PGR 
was performed by using K A P A HiFi P G R Kits as described in Chapter 2.5. 
Fluorescence microscopy was employed to detect the expression of fusion 
proteins that tagged with GFP or DsRED in the calli of To generation and in the 
germinating root of Ti generation of transgenic materials. Western blot analysis was 
also used to detect the transgene at protein level by using anti-GFP antibody 
(Chapter 2.13). 
2.10 Nuclear protein extraction 
Nuclei were prepared as described by (Weigel and Glazebrook, 2002a), and 
proteins were extracted by lysis of the nuclei. 
50 grams of rice calli were cut into 0.5 m m strips in 100 m L of filter sterilized 
modified Honda buffer, which contains 2 5 m M H E P E S (pH7.5), l O m M M g C h , 0.5M 
sucrose, 0.1% Dextran T-500, 5 m M DTT, 2 m M P M S F and 0.4mM Pefabloc. The 
mixture was then filtered through 50|Lim nylon mesh and the filtrate was collected. 
The cutting and filter process were repeated twice and the filtrate was then 
homogenized in lOOmL modified Honda buffer using a mortar and pestle. The 
mixture was then filtered and all the filtrate were collected together and centrifuged 
at 1500 g for 5 minutes, and the nuclear pellet was processed as described below. 
Equal volume of 2X lysis buffer (40mM HEPES pH7.9, 0.8M NaCl, 3 m M 
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M g C h , 0.4niN/l EDTA. 40% glycerol, I m M DT\\ I m M PMSF, 0.4mM pcfabloc) was 
added to the pellet, and the mixture was allowed to rock for 40 minutes in 4°C. 
Ultracentrifugation was then performed by using Optima™ L-100 X P Ultracentrifuge 
(Beckman Coulter) at 4。C, 180,000 g (41800 rpm) for 90 minutes. The supernatant 
was then desalted by G E Healthcare PD-10 Desalting Columns using binding buffer, 
which contains 1 5 m M HEPES pH 7.9, 4 0 m M KCl, I m M EDTA, 0.5mM D T T and 
5 % glycerol. The concentration of the desalted proteins was measured by a G E 
Healthcare 2-D Quant Kit. The nuclear proteins from LnCENH3-GFP expressing and 
wild type rice calli were extracted. 
2.11 Protein-DNA Binding Assay 
Affinity chromatography was performed for the nuclear proteins extracted in 
Chapter 2.6. NeutrAvidin agarose resin conjugated with different biotin-labeled D N A 
probes were used in the columns, and double-stranded salmon sperm D N A was 
added as competitor. 
Biotin-labeled primers P11/P12, P13/P14 and P15/P16 (Table 3) were used to 
synthesize rice centromere satellite CentO (Figure 5), centromeric retrotransposon 
(CRR) LTR fragment (Figure 6) and 5.8s rDNA (Figure 7) probes respectively, and 
the corresponding templates were given by He Q (The Chinese University of Hong 
Kong). A 100|LIL P C R reaction mixture containing \\iL of template plasmid D N A , 
IX Standard Tag Buffer, 300^M dNTPs, 0.3|iM of forward primer (Table 3), 03[iM 
of reverse primer and 5 units of Taq D N A Polymerase was prepared. The PCR 
conditions were as follow: 94°C for 2 minutes, then 40 cycles at 94°C for 15 seconds, 
50/55°C for 30 seconds and 72。C for 15 seconds, followed by 1 cycle at 72。C for 5 
minutes. The annealing temperature for CentO and LTR primers are 50°C, whereas 
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Ibr rDNA primers are 55。C. In total, ImL of CentO, L I R and rDNA PCR products 
wore purified by QlAquick® PCR Purification Kit (QIAGEN) in 1 50)aL of Milli-Q 
H2O respectively. 
Salmon sperm D N A (MP Biomedicals) was dissolved in filtered (0.45|^m pore 
size) IX TE buffer (lOmM Tris, I m M EDTA, pH 7.6) to 10 |ig/|LiL concentration and 
was allowed to shake for overnight. The D N A was autoclaved for 30 minutes and 
was added to a final concentration of 1 |Lig/|LiL in 5X T A E buffer (pH 5.2, adjust pH of 
TE buffer by acetic acid). A mixture containing 450|Lig nuclear proteins (Chapter 
2.10), 10|Lig of D N A probe, 10 j^ g of salmon sperm D N A competitor and 150jaL of 
NeutrAvidin® Agarose Resin (Thermo Scientific) was incubated at 4。C with gentle 
shaking at 120rpm for 16 hours. The mixture was then filled into an empty column, 
and lOOjuL of the flow through was collected as unbound proteins in following 
western analysis. The resin was then washed 3 times by 8mL binding buffer (Chapter 
2.10) which does not contain D T T and glycerol. 600jLiL of elution buffer (15mM 
HEPES pH 7.9, 2 M KCl, I m M EDTA) was then added to the resin and was allowed 
to stand for 5 minutes before the solution was eluted and collected as D N A binding 
proteins. The eluted proteins were then purified by methanol-chloroform method 
(Chapter 2.12). 
Table 3 Primers used for the construction of CentO, LTR and rDNA probes 
P C R Primer Nucleotide sequence 
P11 Cento F* TGC GAT GTT TTC TAG TGG A A 
P12 Cento R CCC TCG TGT GCC A A T ATT G G 
P13 CRRl F* GCT GTT TCC TTG TCA ACT TGT TCT TG 
P14CRR1 R G A C GTT G G C GGT CCT ACT AC 一 
PI5 5.8S rDNA F* CGC A A C A G A ACC CAC G G C GCC 
PI6 5.8S rDNA R T ^ TCG ATG CGA G A G CCG A G A TAT CC 
The forward primers PI 1, P13 and P15 were labeled with biotin, and were ordered 
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tVoni Icch Dragon Ltd. 
T G C G A T G T T T T C T A C T G G A A T C A A A A A G T T C A A A A A G A G C C A A A A C A T G A T T T T T G G A C 
A T A T T G G A G T G T A T T G G G T G C G T T C G T G G C A A A A A C T C A C T T C G T G A T T C G C G C G G C G A 
A C T T T T G T C A A T T A A T G C C A A T A T T G G C A C A C G A G G G 
Figure 10 D N A sequence of the CentO repeat probe. 
D N A sequence of 155bp CentO monomer was synthesized as biotinated D N A probe. 
G C T G T T T C C T T G T C A A C T T G T T C T T G C T T G T T C T T C G A T T G C T T G C A G G T T C A A G G T T G 
T T C T T G G C A C G G C A A G A A C A G C A A C A A C G T G G A G T C G G T G T A C C G G T T G C T A A G G C G C A 
G C A C C C C T G T G G T A G T T G T A G T C G G A C C G C C A A C G T C 
Figure 11 D N A sequence of the C R R LTR probe. 
D N A sequence of 155bp of CRRl LTR fragment was synthesized as biotinated D N A 
probe. 
C G C A A C A G A A C C C A C G G C G C C G A C G G C G T C A A G G A A C A C A G C G A T A C G C C C C G C G C C G G 
C C C G G T C G G C C C T G G C C G T C C G G C G G C G C G G C G C G A T A C C A C G A G C T A A A T C C A C A C G A 
C T C T C G G C A A C G G A T A T C T C G G C T C T C G C A T C G A T G A 
Figure 12 D N A sequence of the 5.8S rDNA probe. 
D N A sequence of 155bp of 5.8S ribosomal R N A gene fragment was synthesized as 
biotinated D N A probe. 
2.12 Protein precipitation by methanol-chloroform 
Proteins were precipitated by methanol-chloroform as described previously 
(Wessel and Flugge, 1984). 4 volumes of methanol and 1 volume of chloroform were 
added to eluted proteins and mixed thoroughly by vortexing, and then 3 volumes of 
Milli-Q water was added. After centrifugation for 5 minutes at 14000 g, the upper 
aqueous phase was discarded, and 2 volumes of methanol was added and mixed with 
the organic phase. The protein pellet was collected by centrifugation for 5min at 
14000 宏 . 2 0 | L I L of Phosphate buffered saline (IX PBS pH7.4) was added to dissolve 
the pellet and 5|LIL of 5X SDS-PAGE loading buffer was added, the protein samples 
were then boiled for 10 minutes and loaded on SDS-PAGE (15% gel). 
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2.13 Western blot analysis of proteins from Protein-DNA binding assay 
Proteins eluted from Protein-DNA binding assay (Chapter 2.11) were separated 
by SDS-PAGE (Chapter 2.12). After SDS-PAGE, Protein samples were blotted onto 
PVDF membrane by using Mini-Trans-Blot system (BioRad) as described in user 
manual. The blotting was carried out at constant voltage at lOOV for 90 minutes in 
Towbin buffer (48mM Tris-Base, 3 9 m M glycine, 20% methanol). After blotting, the 
membrane was rinsed with IX phosphate buffered saline (PBS: 5 8 m M Na2HP04, 
6 8 m M NaCl, 17 m M NaH2P04.2H20) for 5 minutes and soaked in blocking buffer 
(5% defatted milk powder, IX PBS, 0.1% Tween 20) at room temperature for 1 hour. 
The blot was incubated with 1:500 antibody of polyclonal rabbit anti-GFP (Beijing 
Biosynthesis Biotechnology Co., Ltd) for 1 hour followed by 3 rounds of washing 
with PBS plus 0.1% Tween 20 (PBST) for 15 minutes. It was then incubated with 
1:2000 polyclonal rabbit anti-0sCENH3 antibody for 1 hour followed by 3 rounds of 
washing with PBST for 15 minutes. 1:6000 secondary antibody of Goat Anti-Rabbit 
Poly-HRP (Pierce) was added and incubated for 1 hour, and washed 3 rounds of 
washing with PBST for a total of 15 minutes. SuperSignal West Femto 
Chemiluminescent Substrate (Pierce) was applied and the membrane was exposed to 
an X-ray film to detect the signals. 
2.14 Tubulin immunolocalization of root tips 
Root tips of 1 to 2 m m long from germinating seeds were pre-treated by 
>800kPa nitrous oxide for 2 to 3 hours as described previously (Kato, 1999; Xu and 
Yu, 2011). Tubulin immunolocalization was performed as described previously 
(Puertas et al., 2005). 
Pre-treated root tips were fixed for 30 minutes in freshly prepared 4 % (w/v) 
paralbniialdchydc solution in a microtubule stabilizing buffer (MTSB: 50 m M 
PIPHS, 5 m M MgSCM, 5 m M EGTA, pH 6.9), washed for 10 minutes for 3 times in 
M T S B and digested at 37°C for 60 minutes in a mixture of 1.5% cellulase (R-10) and 
3 % pectolyase (Y-23, w/v) in M T S B . Root tips were then washed for 15 minutes in 
M T S B and squashed between a glass slide and coverslip in M T S B . After freezing in 
liquid nitrogen, the coverslips were removed and the slides were transferred 
immediately into M T S B . Blocking was performed for 30 minutes in 5 % BSA (w/v), 
0.5 % Triton X-100 in M T S B at room temperature. The monoclonal 
anti-p-Tubulin-FITC antibody conjugate was diluted 1:200 with 5 % BSA in M T S B . 
After overnight incubation at 4°C and washing for 15 minutes in M T S B , the 
preparations were counterstained with DAPI in Vectashield mounting medium. All 
images were taken by a Leica DM5500 B epifluorescence microscope, and images 
were processed in Adobe Photoshop. 
2.15 Bioinformatics analysis 
Amino acid sequences of CENHSs were retrieved from NCBI database under 
their accession numbers, AtHTR12 (AAL86775.1), OsCenH3 (AAR85315.1), 
O o C E N H S (ADK35171.2), LnCENH3-A (BAE02657.1), LnCENH3-B 
( A D M 18965.1) and OsH3 (BAC01212.1), Z m H 3 (AAA33473.1), AtH3 
(AEE35737.1), Z m C E N H S (NP—001105520.1), NtCENH3-l (BAH03514.1), NtH3 
(BAH03514.1), CeHCP3 (P34470.1), CeH3 (AAG50235.1). Multiple sequences 
alignment was performed by using the ClustalW2 tool 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) with default parameters (Larkin et al., 
2007). Phylogenetic tree was constructed by using M E G A 5 software (Tamiira et al., 
2011), using Neighbor-Joining with 1000 bootstraps. Intron prediction was 
performed by NetPlantGene intron prediction tool based on A. thaliana 
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(hup://w\vvv.cbs.d111.dk/serviccs/NctPGcne/) with default settings. Codon usage data 
were obtained form codon usage database (htlp://vvwvv.ka/usa.or.ip/codon/). 
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Chapter 3 Results 
3.1 Plant transformation vectors construction 
PCR was performed for the cloning of the LnCENH3, GFP, CeHCP3 and 
DsRED fragments (Figure 13). The individual fragments were cloned into the binary 
vector pUN1301 (Chapter 2.4), P C R (Figure 14) and restriction enzyme digestion 
(Figure 15) were performed to verify the vector harboring the desired D N A construct. 
The LnCENH3-GFP and CeHCP3-DsRED chimeric genes were successfully cloned 
into pUNlSOl respectively. 
M LnCENH3 EGFP m CeHCPJ dsRED M 
Figure 13 Cloning of the LnCENH3, GFP, CeHCPS and D s R E D fragments. 
Target bands of LnCENH3 (P1/P2), GFP (P5/P6), CeHCPS (P3/P4) and DsRED 
(P7/P8) with correct size were cloned by PCR, brackets show the primers used. M : 
N E B Ikb D N A ladder, m: N E B lOObp D N A ladder. 
LnCENH3- C c H C P 3 - , 
彳 EGFP DsRED,丨,'丨 
围 
\ ... i 
？-士 ffjgiii—ll ; .. -I〈‘5!-二 
圍 i M 
Figure 14 PCR verifications of LnCENH3-GFP and CeHCP3-DsRED. 
Target bands of LnCENH3-GFP (P1/P6) and CeHCP3-DsRED (P3/P8) with correct 
size were verified by PCR, brackets show the primers used. M : N E B Ikb D N A 
ladder. 
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LnCENH3- LnCENHS- pUNCeHCP^- pUNCeJ^CPl 
pUN1301 EGFP p UNI 301EGFP 1301 DsRED 1301 DsRED 
I 缴 t e ' f i 




Figure 15 Restriction enzyme digestion verification of LnCENH3-GFP and 
CeHCP3-DsRED constructs. 
Target bands with correct size were verified by restriction enzyme digestion. 
BamWHSacl double digestion and EcoRV digestion both revealed the 1.2kb and 
1.5kb fragments inserted into the LnCENH3-GFP and CeHCP3-DsRED vectors 
respectively. M : N E B Ikb D N A ladder. 
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3.2 Rice transformation 
The pUN1301 binary vector that contains the chimeric genes of LnCENH3-GFP 
and CeHCP3-DsRED, together with the empty vector, were transformed separately 
into rice by Agrobacterium-mQdmiQd transformation and gene gun transformation. 
Transformed rice calli were selected and regenerated into plantlets. The regenerated 
planets were grown in growth chamber prior to planting in green house and Gene 
Garden (Figure 16). 
Transgenic rice harboring the RNAi constructs of inducible promoter with full 
length OsCENHS in pER8, inducible promoter with 150bp OsCENHS in pER8, 
constitutive promoter with full length OsCENHS in pTCK303 and constitutive 
promoter with 150bp OsCENHS in pTCK303 were also generated. 
Figure 16 Transgenic Rices 
A: Transgenic rice in chamber. B: Transgenic rice in green house. C: Transgenic 
rice in Gene Garden. 
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3.3 Transgenic plants screening 
PCR screenings were performed on the transgenic rice lines that were 
transformed with LnCENH3-GFP, CeHCP3-DsRED and empty pUN1301 vector 
(Figure 17). 69.3% (Total: 97/140, Agrobacterium-. 11/11, Gene gun: 86/129) of the 
LnCENH3-GFP transformed plants show P C R positive results; 82.4% (Total: 14/17, 
Agrobacterium'. 13/16, Gene gun: 1/1) of the CeHCP3-DsRED transformed plants 
show PCR positive results; 100% (Total: 27/27, Agrobacterium: 19/19, Gene gun: 
8/8) of the empty vector transformed plants show P C R positive results. 
Selected P C R positive lines of LnCENH3-GFP construct,s germinating seeds 
(Tl) were subjected to FISH analysis. Different insertion loci and the number of 
signals showed that they are independent lines (Figure 18). 
The expression of the fusion proteins was detected by fluorescent microscopy. 
The signal of LnCENH3-GFP was detected in some lines (Figure 19), whereas no 
signal was detected in all of the lines of CeHCP3-DsRED and empty vector control. 
As CeHCP3-DsRED was not detected in protein level, RT-PCR was performed 
to verify whether the gene was transcribed. The CeHCP3-DsRED transcripts were 
detected in different lines (Figure 20). 
3 9 
. .'loS C L'Vlii Lo-Ui C Lm'J^A 
A 1 ：• ：-; .； 1 ) 2 3：.： 3 ^ <• (； 7 - M 已 
Li-io'v G6 r’r GS AB i : 3 1 : 2 3 ‘i •:, '.234 '：- 0 M 
. " r / 、 ’ ‘？R •‘ ^ ， . M i l i l l T n I J a J M 
M + WT 9 10 11 12 13 14 15 16 
^ ji, H If T 1 liiMiii^ 
. 1 7 Ifi ro 22 ？3 ：4 25 26 27 M 
” 一 - 一 麵 • 講 • 一 • a S i , ; - r 忿 』 
LnC^R Ln7R Lti‘:R 
r.， 7 S 9 '0 I: 1? 14 16 17 2'3 25 26 27 
痛 禱 • • 垂 i i 麵 ’ . ‘ c 
I..-ICS 
M - - 2C -25 -34 B4 B3 B2 B2 81 A3 A：' A1 6 '3 23 
• ,___. . C i > A - 1 CeA'.A CeAV'ti ••； O：：： 
m^m^  »!• __• rnmm^ Iktm • •+、mm^m "i'* 
,,.、.. U ‘ ：： 3 1 3 ^ ：： 3 - I + 
‘!,e_S I nOK “。丄丨:、 w- T^^rr^^ - J ； 
“ • C • C： C3 C4 CO C6 1 2 4 c- 6 9 U 1 基 f .‘ 一 …：， . • . 
•、.*'/• tmarn •講 »»«• mm mm* - mm mm mm mm mm CcAoB CeA6C 
1 :、 1 J :‘ 
,r. L. f、A1、i< t r) “ 二…―；’下 
r/ A9 ^ 2 3 4 5 6 7 £ 9 A14 t _ :...-： . .. J 
.•fy^^^^MMCxnririrrxzrTTr"! … 
Lp'R LrvlCSAA 
r/ 1 6 G * ：^  ^ ‘、 0 
— i K T i r f "zr^msmmmm 
Figure 17 PCR screening of transgenic rice. 
Panel A shows the PCR screening of LnCENH3-GFP transgenic plants, using primer 
P1/P2. Ln2S, Ln3R, Ln3R C, Ln3R G6-AB, Ln4S, Ln4 B-C, Ln5R, Ln5R A-AB, 
Ln6S AB-AC, Ln7R Aa-AA，Ln9R, LnlOS, LnlOS A A , LnA9, LnA13, LnA14 are 
different transgenic lines. Numbers indicate different plants from each transgenic 
line were screened. Panel B shows the PCR screening of empty pUN1301 vector 
transgenic plants, using primer P9/P10. Numbers indicate different transgenic lines. 
Panel C shows the PCR screening of CeHCP3-DsRED transgenic plants, using 
primer P4/P5. CeA4, CeA5 A-B, CeA6 B-C, Ce4R G25 are different transgenic lines. 
Numbers indicate different plants from each transgenic line were screened. M: Ikb 
D N A ladder. WT: Wild Type. ‘‘+,’： plasmid D N A of the corresponding gene. “-“： 
empty vector control genomic D N A . 
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Figure 18 Fluorescent in situ hybridization (FISH) images of selected lines of 
LnCENHS-GFP expressing rice. 
A: Ln9R_(T0)l_(Tl)19 line. B: Ln9R—(T0)1—(Tl)14 line. DAPI stained the 
chromosomes as blue colour; Alex Fluor 594 labelled probe hybridized as red colour 
Bar = 5|im. 
H 
Figure 19 Florescence microscopy image of the LnCENHS-GFP expressing rice 
callus nucleus. 
LnCENHS-GFP localized to the nucleus with a punctate pattern in LnAl line. Bar = 
10|Lim. 
3 4 19 22 WT M 「 … 
r -一 500bp 
imiiiiii^  . 
Figure 20 RT-PCR result ofCeHCPS transgenic rice. 
RT-PCR result of different CeHCP3 rice transgenic lines. 3, 4, 19, 22 represent 
different lines of CeHCPS transgenic rice, WT: wild type control, M : DongSheng 
Ikb D N A ladder. 
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3.4 Analysis of the cod on usages of CeHCP-3 gene in C. e/e^^ans and O. sativa. 
As the transcripts oi CeHCP3 did not translate into protein, the sequence of the 
CeHCP3 was reviewed for the presence of plant R N A destabilizing signals and the 
possible codon usage bias. 11 ATTTA-like motifs and 6 A ATA A A-like motifs were 
found (Figure 21) in the CeHCP3 coding region. G C content of CeHCP3 gene is 
49.48% and the average G C content of the coding sequence of O. sativa is 55.26%. 
Some rare codons in rice were found to be extensively used in CeHCP3 gene (Table 
4); they are U U G , C U U , A U U , G U C , C A A , A A A , G A A , C G U , A G A and G G A . 
a t g g c c g a t g a c a c c c c a a t t a t t g a g g a a a t c g c c g a g c a a a a t g a g a g c g t c a c a a g 
g a t c a t g c a a c g t c t c a a a c a t g a c a t g c a a a g a g t c a c t t c a g t g c c g g g a t t c a a c a 
c a a g c g c c g c a g g t g t c a a c g a t t t g a t c g a c a t t c t g a a c c a g t a t a a g a a g g a g c t t 
g a g g a t g a t g c a g c c a a c g a c t a c a c t g a a g c g c a c a t c c a c a a a a t t c g a t t g g t c a c 
a Q C f c a a a c g g a a t c a a t a t g t c t t g a a g t t g a a g c a a g c c g a a g a c g a a t a t c a c g c g c 
g a a a a g a g c a a g c t c g g a g a a g a g c t t c g t c t a t g g a t t t c a c g g t c g g c a g a a a t t c c 
a c g a a t c t t g t c g a t t a c t c c c a c g g c c g t c a t c a t a t g c c c t c a t a c c g t c g a c a c g a 
t a g c t c c g a c g a a g a a a a c t a t t c t a t g g a t g g a a c a a a t g g c g a t g g a a a t a q a g c t g 
c f c c c a t c q a a c c c c q a t c q t q q t a a t a q a a c t g g c c c a t c g a g c t c c g a t c g c g t g c g g 
a t g a g a g c c g g a a g g a a c a g a g t c a c c a a a a c g a g a c g t t a t a g a c c g g g c c a g a a g g c 
a t t q g a a g a g a t c c g c a a g t a c c a a a a a a c t g a a g a c c t t c t g a t t c a a a a g g c t c c g t 
t c g c a c g c c t c g t c c g c g a a a t t a t g c a g a c t t c c a c t c c a t t t g g c g c c g a c t g c c g t 
a t t c g t c c t g a c g c c a t c a g t g c t c t t c a a g a a g c g g c g g a a g c a t t t t t g g t c g a a a t 
g t t c g a a g g a t c g t c t c t t a t a t c c a c c c a t g c g a a a c g t g t c a c a c t c a t g a c a a c g g 
a t a t t c a g t t a t a c a g a c g t c t c t g c c t t c q a c a t c t c t q a 
Figure 21 Full length D N A sequence of the 867bp CeHCP3 gene. 
Underlined sequences represent location of ATTTA or ATTTA-like motifs. Double 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.5 In vitro Protein-DNA binding assays 
As the native ricc CenH3-containg nucleosomes bind to CentO and C R R 
repetitive sequences in the rice centromeric region, I hypothesized that the 
CenH3-containing nucleosomes would preferably bind to CentO and C R R 
retrotransposon sequences than other sequences in the rice genome. Therefore, D N A 
sequence located on the chromosome arm, i.e. 5.8s rDNA sequence, was selected as 
a control, together with the CentO and CRRl (major type of LTR in rice) sequences 
were selected as centromeric D N A sequences for in vitro binding assay. 155 bp 
fragments of the three D N A sequences were synthesis as probe labeled with biotin, 
and the in vitro nuclear protein-DNA binding assays were performed to test the 
hypothesis. 
Results from Figure 22 showed the relative binding affinity of the OsCENHS 
protein to the 3 different probes. The binding to the CRR-LTR probe and the CentO 
probe were detectable, while the binding of OsCenHS to the rDNA probe was 
undetectable. In contrast, the bindings of LnCENH3-GFP to all three probes were 
similar. Thus, the OsCENHS preferentially bound to centromere D N A sequences, 
whereas the LnCENH3-GFP bound nonspecifically to all D N A sequences tested. 
In our experiments, unmethylated dNTPs were used to synthesis the D N A 
probes because it was found that the centromeric chromatin associated with CenH3 is 
hypomethylated in A. thaliana and maize (Zhang et al., 2008). 
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SDS-PAGE Western Blot 
Figure 22 Western analysis and SDS-PAGE of nuclear protein that binds to D N A 
probes. 
Right panel show the western analysis and the left show the SDS-PAGE (15% gel) 
analysis. LnCENH3-expressing rice callus (LnAl line) nuclear proteins were used. 
M : P a g e R u l e r ™ Prestained Protein Ladder (Fermentas). CentO, LTR and r D N A are 
D N A probes used in the in vitro protein-DNA binding assay. 
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3.6 Subcellular localization study of LnCENH3 in rice 
LnCENH3-GFP was found to be localized in the nucleus (Figure 19, Figure 23), 
and colocalized with the D N A . However, the colocalization was uneven, the 
LnCENH3-GFP protein showed a punctate expression pattern, which might suggest 
its function in recruitment of additional kinetochores (Figure 23). 
• H 
H m 
Figure 23 Colocalization of D N A and LnCENH3-GFP protein in transgenic rice. 
D N A is stained by DAPI. Fluorescence signals of D N A and GFP were visualized; 
images were captured under an epifluorescence microscope, and processed in 
Photoshop to show the colocalization. A, B and C: Interphase cell; D, E and F: 
Prometaphase cell. Q H and I: Metaphase cell; A, D and G: DAPI staining; B, E and 
H: GFP signals; C: Merged image of A & B , uneven colocalization of the two signals 
was observed, the GFP signal concentrated and form punctate pattern. F and I: 
Merged images of C & D and G & H respectively, GFP signal localized throughout the 
entire chromatin. LnAl line was used. Bar represents 5|Lim. 
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3.7 Chromosonic morphology of the transgenic rice expression LnCENH3 
To investigate whether holocentrism occurred in the LnCENI13-GFP transgenic 
rice, metaphase chromosomes were stained with DAPI and observed under 
fluorescent microscope. Additional constrictions besides the primary constriction 
could be observed in the prometaphase cells (Figure 24) with a frequency of 8.3% 
(2/24 cells) for the line Ln9R_(T0)l_(Tl)4, 40% (2/5 cells) for the line 
Ln9R_(T0)l_(Tl)17 and 20% (1/5 cells) for the line Ln9R_(T0)l_(Tl)19. But none 
were observed in the control. When compared with 5 different wild type seedlings' 
root cells which did not have any additional constrictions, the two-tailed P value 
equals 0.0151 for the unpaired /'-test results. By conventional criteria, this difference 
is considered to be statistically significant. 
4 7 
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Figure 24 Chromosome morphology in transgenic rice expression LnCenHS. 
Insets show enlarged (300%) chromosomes. Arrows point to the constrictions. Bar 
represents 5|Lim and bar in inset represents Ifam. No constriction can be seen on the 
chromosomes of Luzula sp., one constriction can be seen on wild type or transgenic 
rice with empty vector control, but occasionally (8.3%, 2/24 cells) additional 
constrictions can be seen on LnCENH3 transgenic rice. Ln9R_(T0)l_(Tl)4 line was 
used. 
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3.8 Tubulin imniunolocalization of LnCENH3-GFP transgenic rice 
As the formation of functional kinetochore does not always result in constriction 
at centromere region, as seen in holocentric chromosomes, therefore tubulin 
immunolocalization was performed to see if spindle fibers would attached to 
locations other than the functional kinetochore region. Results show that the majority 
of the spindles were capture by the primary centromere (Figure 26), as was in the 
controls (Figure 25); but occasionally (4.2%, 1/24 cells) there were spindle fibers 
appeared to be possibly attached to chromosome arms regions (Figure 26C), which is 
not observed in the controls. When there were 2 constrictions on the chromosomes, 
both constrictions had the spindle fiber attachment (8.3%, 2/24 cells) (Figure 26A). 
• • • 
Figure 25 Tubulin immunolocalization in transgenic rice with empty vector control. 
Tubulin was labeled with FITC by antibody and the chromosomes were stained with 
DAPI. The spindle fibers (visualized by tubulin) attached to the primary constriction 
of the chromosomes. Insets show enlarged (300%) chromosome. Bar represents 5 |Lim. 
pUN1301_(T0)A2 was used. 
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A DAPI FITC B DAPI FITC 
• • 
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^ DAPI FITC D 
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Figure 26 Tubulin immunolocalization in transgenic rice with LnCENH3-GFR 
Ln9R—(T0)1」T1)4 line was used. Three different cells are shown in A, B and C. 
Insets show enlarged (300%) chromosome. Bar represents 5fim. The tubulin was 
labeled with FITC by antibody and the chromosomes were stained with DAPI. The 
spindle fibers (indicated by tubulin) mainly attached to the primary constrictions of 
the chromosomes, but occasionally attached to other site on chromosome arms. D: 
schematic representation of insets of figure A, B and C were shown in a, b and c 
respectively. 
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3.9 Cloning of CENH3s in Liizula genus 
As there are two LnCENH3 isoforms identified (Nagaki et al., 2005; Moraes et 
al., 2011), it would be interesting to know whether the genus of Luzula have a 
conserved CENH3. Therefore cloning of the C E N H 3 gene in Luzula spp. was 
performed, based on the sequence available on L. nivea. However, only the C E N H 3 
of I. effusa (LeCENH3) was successfully cloned (Figure 27). 
Two different sequences of LeCENH3 were obtained, one with 480bp and 
another is 540bp in length. The 540bp version of sequence contains an extra 60bp 
long AT-rich sequence, which harbors a stop codon that may cause early stop of the 
sequence. However, when intron prediction was performed by using the 
NetPlantGene intron prediction tool (Chapter 2.15), a donor splice site and an 
acceptor splice site were found in that region with high confidence (0.90 and 0.97 
respectively). Therefore, that extra 60bp sequence in the longer version of LeCENH3 
c D N A is considered as an intron (Figure 28). 
Le Lm Lt Os M 
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Figure 27 RT-PCR results of the C E N H 3 cDNAs of Luzula spp. 
Le: L. effusa, Lm: L. multiflora, Lt: L. taiwanicma, Os: rice, M : Ikb D N A ladder. 
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A A G A G G G G t a c t t t g g g t a t t t t c a t a t t t t a a a g a a a t g t g c a a c t a t t a a c t t q t t a 
t a t t c t a q q A G A A A A G A C A C A A G C A A A G C A G A G A A A G A T G T A C C G G T A C C G A C C C G G T A 
CGGTGGCACTAAGAGAGATCAGGAAGCTTCAGAAAACCACTGCTTTGTTGGTACCTAAA 
G C T T C T T T T G C T A G A T T G G T G A A A G A G A T A A C C T C T A A A T C C T C G A A A G A A G T G A A T C G 
C T G G C A A G C C G A A G C T C T C A T T G C C C T T C A A G A G G C C T C G G A G T G C T C A A A T A T G T T G G 
C T A T T C A T G C T A G A A G G G T T A C T A T T T T G A A A A A G G A C A T T C A A C T T G C T A G G C G A A T A 
G G T G C A T G A (540 B P ) 
M A R T K H F P Q R S R H P K K Q R T A A G E A G S S V I A K Q N A P A K T G N A S S I T N S T P A R S L K K N K A S 
K R G E K T Q A K Q R K M Y R Y R P G T V A L R E I R K L Q K T T A L L V P K A S F A R L V K E I T S K S S K E V N R 
W Q A E A L I A L Q E A S E C S N M L A I H A R R V T I L K K D I Q L A R R I G A - (159 a m i n o a c i d s ) 
Figure 28 Full length c D N A and deduced amino acids sequence of LeCENH3. 
The 480 bp full length LeCENHS c D N A encodes a 159 amino acids C E N H 3 protein 
Luzula effiisa. Underlined sequence represents the intron of LeCENHS gene. 
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3.10 Bioiiiformatics analysis of Luzula CENH3s 
Multiple sequences alignment was performed. It was found that the LeCENI 13 
was highly similar to LnCENH3-A (BAE02657.1), but 8 amino acids were missing 
in the a2-helix region of the H F D domain when compared with LnCENH3 protein 
sequence (Figure 29). Also, the position of the intron found in LeCENHS was located 
at the region where LnCENH3-B ( A D M 18965.1) differs from LnCENH3-A (Figure 
30). Moreover, intron prediction analysis shows no predicted intron donor and 
acceptor sites were located in the region of Ln-CENH3-B of Figure 30. Phylogenic 
relationship analysis (Figure 32A) and multiple sequences alignment (Figure 31) of 
selected CENH3s and H3s were performed. The phylogenic relationship analysis of 
the H F D of the above CENH3s was also done (Figure 32B). LeCENH3 was found to 
be more closely related to LnCENH3-A than LnCENH3-B. The major different 
between LeCENH3 and LnCENH3-A is that there are 8 missing amino acids located 
at the a2-helix region of LeCENH3 (Figure 29, Figure 31), which is very uncommon. 
5 3 
LnCENH3-A mRTKHFP-QCSRHPKKQRTAAGEAGSSVIAKQNAPAKTGLIASSITIISTPA-PJVLKKIIKA 5& 
LeCENH3 m^RTKHFP-QRSRHPKK(•)RT脚_•；EAGSSVIAK(观PAKT(避S3工T:]:?.TPA-R:::LK^ ^^  5E' 
LnCENH3-B MARTKHFSNKKSVRPKKQ--ISGARASSSQVTESTPAKTDAAATRMDSTPA.SR-CIKRT.TA 5c-
OsCENHS MARTKHPAVRKSKAEPKK KLQFERSPRPSKAQRAGGGTGTSATTRS/iii.GTirA 52 
* A * * A A A * . t, . ik . A k k i. 
丄 aN-helix al-hel ix 
LnCENH3-A SK RGEKTQAKQRKMYRYRPpTVALREIRKLQK[rTDLLVE| 赂 1 0 8 
LeCENHS SK RGEKTQAKQRKMYRYRP :4TVALREIRKLQKTTALLVE KASFARLVKEI 10 5 
LnCENH3-B RKSVAPPQTPTNRGETPQTKERKKHRYRPSTLALRQIRRLQKTTDLLW RAPFARLVREI 118 
OsCENHS SG TPRQQTKQRKPHRFRPPTVALREIRKFQk|tTELLIe|fAPFSRLVREi| 101 
女 . A . A. A- . ^ . Jr •A- J, . it . Jc * . . k .k -k k -k . k A- . Jr V i- • + ir 
al-hel ix loop l a2-helix loop2 a3-helix 二 
LnCENH3-A 丄丄 V))平 KEVNRWQp:ALIALQEASECFLVMLLESANMLAIHA|RRVTi:K|KKDIQLARF|IGA- 167 
LeCENH3 TSKSSKEVNRWQ^^EALIALQEASEC SIMLAIRARRVTIIKKDIQLARF IGA- 15 9 
LnCENH3-B TGHV3KDV>-]RVJQz^EALVALQEAAEY^iWNLMEDANLLAIHARRVTOKDIQLARF IGA- 177 
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Figure 29 Sequence alignment of different Luzula C E N H 3 proteins. 
C E N H 3 sequences of O. sativa, 2 isoforms from L. nivea and L. effusa were aligned 
with ClustalW software. Boxes indicate helices, and arrows indicate histone fold 
domain. A n ‘‘*，，(asterisk) indicates identical residue. A “:’，(colon) indicates highly 
conserved residue. A “•，’ (period) indicates partially conserved residue. 
mat-LeCENH3 AGCAAGAGGGG 185 
pre-LeCENH3 AGCAAGAGGGGTACTTTGGGTATTTTCATATTTTAAAGAAATGTGCAACTATTAACTTGT 234 
LnCENK3-A AGCAAGAGGGG 185 
LnCENK3-B CGCAAGAGTGTGGCTCCG CCACAAACTCCT 204 
+ + * • Tlr 
mat-LeCENK3 AGAAAAGACACAAGC.aj^ J\GCAGAGAAAGATGTACCGGTACCGACCCGGT 234 
pre-LeCENH3 TATATTCTAGGAGAAAAGACAC7L?iGCAAAGCAGAGAAAGATGTACCGGTACCGACCCGGT 2 94 
LnCENK3-A AGAAAAGACACAAGCAAAGCAGAGAAAGATGTACCGGTACCGACCCGGT 234 
LnCEKK3-B AC丨遍TCGAGGAGAA“a_CGCCACAAAC‘aJLAGGAGAGAAAC制3CACCGGTACCGACCCGGT 264 
k -k -k * A- A- A- A- it A•去头 A" 
Figure 30 Alignment of partial sequence ofLeCENHS c D N A and LnCENH3s. 
Partial sequences alignment show the region of intron in LeCENH3 and the major 
site of different between two L n C E N H S isoform. Mat-LeCENH3: c D N A sequence 
from mature LeCENHS m R N A . Pre-LeCENH3: c D N A sequence from precursor 
LeCENHS m R N A . LnCENH3-A: L n C E N H 3 isoform A (BAE02657.1). 
LnCENH3-B: L n C E N H 3 isoform B (ADM18965.1) 
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aN-hellx a l -he l ix 
0OCENH3 HRFR^jGTVALREIRKFQKlrTELLlPlr'APFSRLVREi riJKYt： K 109 
OsCENH3 HRFREGTVALREIRKFQKITELLIP^T^PFSRLVREITDF’/'：： K 107 
ZmCENH3 HRWRt GTVALREIRKYQK 5TEPLIP "APFVRWRELTNFV F ！ 1 0 0 
OsH3 VKKPHRFRFGTVALREIRKYQKSTELLIR <LPFQRLVREIAC'D FK 60 
ZmH3 VKKPHRFRFGTVALREIRKYQK5TELLIR<LPFQRLVREIAQD FK SO 
CeH3 VKKPHRYRPGTVALREIRRYQK 3TELLIR ^ PFQRLVREIAQD FK 80 
NtH3 VKKPHRYRE GTVALREIRKYQK 3TELLIR <LPFQRLVREIAQD FK 80 
AtH3 VKKPHRYRE GTVALREIRKYQK STELLIR <LPFQRLVREIAQD YK 80 
CeHCP3 SDRVRMRAGRNRVTKTRRYREGQKALEEIRKYQKrEDLLIQ<APFARLVREIMQTSrPFG 232 
N t C E N H 3 - l TRYREGTVALREIRRFQKrWDLLIP\APFIRLVKEISHFF?\P 9& 
AtHTR12 YRYREGTVALKEIRHFQK2TNLLIP\ASFIREVRSITHML'\PP 120 
LnCENH3-A -YRYREGTVALREIRKLQKrTDLLVP<ASFARLVKEITFQS3 K 114 
LeCENH3 YRYREGTVALREIRKLQKTTALLVP<ASFARLVKEITSKS3- -K 114 
LnCENH3-B — - HRYRplGTLALRQIRRLQKlrTDLLVAkAPFARLVREITGHvIs…K 124 
-} J I ' J , I . ‘ ； . , 
l oop l a2-helix loop2 a3-helix 
OoCENH3 DVSRWTjLEAILALQEAAEYHLVDIFEVSNLCAIHAjKRVTIMpKDMQLARRjlGGRRPW 166 
OsCENH3 DVSRWTLEALLALQEAAEYHLVDIFEVSNLCAIF1AKRVTIM2KDMQLARRIGGRRPW-- 164 
ZmCENH3 KVERYT?\EALLALQEAAEFHLIELFEMANLCAIRAKRVTIM2KDIQLARRIGGRR曼 157 
OsH3 TDLRFCSSAVAALQEAAEAYLVGLFEDTNLCAIRAKRVTIMPKDIQLARRIRGERA…-136 
ZmH3 TDLRFCSSAVAALQEAAEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA 136 
CeH3 T DLRFCSSAVMALQEAAEAYLVGLFEDTNLCAIHA KRVTIMPKDIQLARR工 RGERA- 136 
NtH3 TDLRFCSHAVLALQEAAEAYLVGLFEDTNLCAIHAKRVTIM PKDIQLARRIRGERA……136 
AtH3 TDLRFCSHAVLALQEAAEAYLVGLFEDTNLCAIRAKRVTIMPKDVQLARRIRGERA - 136 
CeHCP3 ADCRIRSDAISALQEAAEAFLVEMFEGSSLISTEAKRVTLMrTDIQLYRRLCLRHL…288 
NtCENH3-l EVTRWC^^EALIALQEAAEDFLVHLFDDSMLCAIRAKRVTLMJCKDFELARRLGGKARPW 156 
AtHTR12 QINRWTAEALVALQEAAEDYLVGLFSDSMLCAIPiARRVTLM :iKDFELARR LGGKGRPW 178 
LnCENH3-A EVNRWC ?^EALIALQEASECFLVNLLESANMLAIEARRVTIM iCKDIQLARRIGA 167 
LeCENH3 EVNRWC ？^ALIALQEASEC SNMLAIHARRVTIL汉DIQLARRIGA 159 
LnCENH3-B DVNRWi^EALVALQEAAEYYWNLMEDANLLAIRAlRRVTIMbKDlSLARREGA 177 
去 • -入.• ， .A. • "A* « • • ir *• , -tr i- , , — •，. -•. 
Figure 31 Sequences alignment of H F D of different CENH3s and H3s. 
Sequences of AtH3 & AtHTR12 (A. thaliana), OsH3 & OsCENH3 (O. sativa), 
O o C E N H S (O. officinalis), Z m H 3 & Z m C E N H 3 (Z. mays), LnCENH3-A & 
LnCENH3-B (L. nivea), NtH3 & NtCENH3 (Nicotiana tabacum\ LeCENHS (L. 
effusa) and CeH3 & CeHCP3 (C. elegans) were aligned with a ClustalW software. 
Boxes indicate helices. An ‘‘*，，(asterisk) indicates identical residue. A “:’，(colon) 
indicates highly conserved residue. A (period) indicates partially conserved 
residue. 
5 5 
A 丨 丨 丨 丨 丨 L n C E K I IJ A 
^ LGCENH3 
•7 7 L n C E N H 3 - B 
M [ C E r \ H 3 - 1 
^ 丨丨了 L I 一 A1HTR12 
V ^ . , -"v - ^»- A . —A ( y [Sij ^"I 
,: ！ O o C E N H S 
…L—— 
• K ,丨——OSCENH3 
C e H C P 3 
— 、「MH3 
‘ AtH3 
i J j ‘ 、•^ )I _ j 
‘ OsH3 
^ Z m H 3 
I H 
^ H n 
n , , LnCENH3-A 
B 
LeCENH3 
— • • • — — — L n C E N H 3 - B 
NtC£NH3-1 
— 丄 ^ A t H T R l 2 
Z m C E N H 3 
.r OOCENH3 
^ OSCEKH3 
I C e H C P 3 
C e H 3 
CsH3 





I 5 « • ‘〜 
Figure 32 Phylogenetic relationship of selected CENH3s and H3s. 
Sequence alignment was performed as in Figure 16 with the ClustalW software. 
Phylogenetic tree was drawn based on the alignment results. (A) full length and (B) 
histone fold domain of selected CENH3s and canonical histone H3s. AtH3 & 
AtHTR12 (A. thaliana), OsH3 & OsCENH3 {O. sativa), O o C E N H 3 (O. officinalis), 
Z m H 3 & Z m C E N H 3 (Z. mays), LnCENH3-A & LnCENH3-B (L. nivea), NtH3 & 
NtCENHS {Nicotiana tabacum), LeCENH3 (L. effiisa) and CeH3 & CeHCP3 (C. 
elegans). Bootstrap values in 1,000 tests are indicated on the branches. 
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Chapter 4 Discussion 
4.1 Expression of fusion proteins in rice 
Expression of LnCENH3-GFP was detected at D N A (Figure 17) and protein 
level (Figure 19) by PCR and fluorescence microscopy respectively. 
As the CeHCPS is only detected at R N A level (Figure 20) but not protein level, 
R N A destabilizing signal and codon usage were analyzed. Removal of potential plant 
splice sites, R N A destabilizing signals, and optimization of codon usage are advised 
for expression of exogenous gene in plant system (Walmsley and Arntzen, 2000; Sala 
et al., 2003). It is very likely that the relatively high AT-content (50.5%) of the 
CeHCP3 gene results in potential R N A destabilizing signal, as most of the R N A 
destabilizing signal in plant are AT-rich (Sala et al” 2003). The results of the analysis 
of CeHCP3 gene sequence show that, 15 destabilizing motifs (Figure 21) and 11 rare 
codons were used (Table 4). Therefore, codon optimization should be done in future 
researches. The codon optimized version of CeHCP3 is shown in the appendix 
(Figure 36). This codon optimized version of HCP3 gene sequence can be used in 
further researches to express CeHCP3 in plants. 
4.2 Incorporation of LnCENH3-GFP in nucleosomes 
From the results of fluorescent microscopy, the LnCENH3-GFP colocalized with 
the D N A throughout the chromatin (Figure 23). The D N A binding phenomenon can 
be explained by two possible reasons. Case 1: The LnCENHS protein possesses D N A 
binding ability as has been found in other CenH3 proteins and binds to the chromatin 
as a single protein. Case 2: The LnCENHS replaces the canonical histone H3 and 
recruit other histories to form nucleosomes in vivo that binds to the chromatin. 
Indeed, case 2 is consider to be a more appropriate model, as histone proteins can 
form dimers in nucleosome assembly in vitro (Carruthers et al., 1999; Sekulic et al., 
5 7 
2010: lachiwana ct al., 2011). Therefore, in the following discussion, 
Ccnl 13-containing nucleosome model is assumed. 
4.3 Expression pattern of LnCENH3-GFP in rice 
The LnCENH3-GFP shows a punctate expression pattern (Figure 19), such 
punctate expression pattern is also observed from the endogenous CeHCP3 
expression study in C. elegans and LnCENHS expression study in L. nivea (Moore et 
al., 1999; Nagaki et al., 2005). LnCENH3-GFP colocalized unevenly with chromatin 
(Figure 23C). It is believed that LnCENH3-GFP incorporate into rice chromatin in 
vivo, in the way that is similar to endogenous LnCenHS in L. nivea. The exact 
mechanism of how does the LnCENHS protein assembles into the entire chromatin is 
unknown, but this pattern of LnCENH3-GFP localization may due to the low D N A 
binding specificity of LnCENH3 protein. 
It has been shown that the OsCENH3 protein has a higher affinity to rice 
centromeric D N A sequences than non-centromeric D N A sequences (Figure 22). 
Meanwhile, the LnCENHS has no preferences on D N A sequences (Figure 22). 
Therefore, the OsCENH3 protein localized at centromeric region whereas 
Ln-CENH3 localized nonpreferentially on the entire chromatin. 
The overexpressions of CenH3 in Drosophila and HeLa cells also resulted in 
nonspecific incorporation throughout the chromatin (Van Hooser et al., 2001; 
Moreno-Moreno et al., 2006). Both examples utilized transient expression analysis of 
the CenH3 protein, therefore the linkage between the high expressions of CenH3 and 
the mistargeting CenH3 can be observed. However, overexpression of rice 
CenH3-GFP fusion protein (OsCENH3-GFP) has been shown only localized to 
centromeric region (Yu et al., 2008). Therefore, the localization of CenH3 proteins in 
rice should be independent on its expression levels. 
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IHIII length LnCBNl 13-GFP for centromere targeting has been shown to be able 
to weakly targeted to the centromere of Arabidopsis (Nagaki et al., 2010). However, 
an independent experiment for the expression of N-terminal YFP-fused LnCENH3-B, 
which has 10 extra amino acids at the N-terminal (Figure 29), in Arabidopsis has 
failed to locate to the nucleus (Moraes et al” 2011). A N-terminal tail of this heavily 
modified version of LnCENH3-B cannot target to nucleus in Arabidopsis (Moraes et 
al., 2011). These may imply that the N-terminal tail is essential for its correct 
targeting. In this study, I found that an N-terminal tail unmodified version of 
LnCENH3 can target to nucleus in rice (Figure 19, Figure 23). Whether 
LnCENH3-GFP has targeted to rice centromere will need further evidence. The 
punctate signals in transgenic rice expressing LnCEN3-GFP may be located the 
native centromeres of rice (Figure 23). Further experiments are needed to determine 
the nature of these structures as did in Arabidopsis (Nagaki et al., 2010) 
Interestingly, overexpression of full length CenH3 of Arabidopsis (AtHTR12) in 
Arabidopsis resulted mainly (-80%) successful targeting to centromere, whereas 
overexpression of histone fold domain (HFD) of AtHTR12 resulted in only 60% 
successful rate for targeting to centromere (Nagaki et al., 2010). In the same study, 
expression of full length LnCENH3-GFP protein can weakly localize at 50% 
centromeres, while expression of H F D of LnCENH3-GFP protein could not localize 
to centromeres and 100% localized throughout the chromatin. These results suggest 
N-terminal tail of CenH3 protein plays a role in centromere targeting in Arabidopsis, 
and their localization should also be independent on the AtHTR 12/LnCENH3 
expression levels. 
Although the N-terminal tail of CenH3 was found to play a role in centromere 
targeting, the H F D is actually more important than the N-terminal tail as the H F D 
5 9 
still account lor 60% successful rate for the correct targeting of All 11 R12 to 
centromere in Arabidopsis (Nagaki et al., 2010). Experiment of human Cenf 13 
(CENP-A) shows that a amino acid residue (H104G) modification in the a2-helix 
region of H F D can induce 80% lost of centromere targeting ability of CENP-A, and 
2 amino acid residues substitution (H104G, L112C) can totally abolish the 
centromere targeting ability (Sekulic et al., 2010). Therefore, the H F D of CenH3 is 
vitally important for centromere targeting, and different species may need 
tailor-made H F D for correct centromere targeting of CenH3. 
In summary, LnCENH3 was observed to localize throughout the entire 
chromosome. Previous research in yeast and human suggest that it might due to 
overexpression of CenH3 protein, yet overexpression of CenH3 in plant did not show 
the same phenomenon. Transgenic studies in Arabidopsis suggest that N-terminal tail 
of CenH3 protein affect CenH3 localization on the chromosomes. Structural studies 
of CenH3 suggest a2-helix region of H F D is very important for correct CenH3 
targeting in human. In this study, m y results suggest that the differential D N A 
binding affinity of CenH3-containing nucleosome determines the CenH3 localization. 
Further experiments (e.g. transient expression studies of LnCENH3, transgenic 
expression of LeCENH3 which have nearly identical N-tail to LnCENH3, domain 
swap for OsCENH3 & LnCENEB) are needed to resolve the centromere targeting of 
CenH3 proteins. 
4.4 Formation of additional kinetochores on transgenic rice chromosome 
Kinetochore-like structures were observed in transgenic rice expressing 
LnCENH3-GFP (Figure 24) and it may be formed by several ways. First, the 
LnCENH3 may incorporate into the nucleosome and forms LnCENH3 containing 
nucleosomes at chromosome arm position. These LnCENH3 containing nucleosomes 
60 
may rccruil other ccntromerc b ind ing proteins and results in ectopic ccntroincrc and 
k i nelochore lb rm at ion. 
Second, the LnCENH3 may be recognized by the rice endogenous C E N H 3 
assembly machinery, thus it may replace part of the rice C E N H 3 to overload the 
assembly machinery, and part of the rice C E N H 3 may be relocated to other places, 
and results in a "pseudo-overexpression" of rice CENH3. For example, the H4 
partner around the centromeric region may be occupied by LnCENHS, therefore the 
rice C E N H 3 is in “excess”. The "excess" rice C E N H 3 may misincorporate with other 
hi stones outside the centromeric region, and leads to ectopic formation of C E N H 3 
nucleosomes, hence additional kinetochores are formed. 
Overexpression of C E N H 3 proteins can generate chromosomal instability (Black 
and Bassett, 2008; Amato et al., 2009). For instance, in Drosophila, functional 
ectopic kinetochores were form and resulted in dicentric chromosome (Heun et al., 
2006). In human HCT116 cells, tripolar metaphase has been observed (Amato et al., 
2009). However, such ectopic kinetochores were not observed in transgenic rice 
overexpressing maize CENH3-YFP (Liu, 2010). The additional kinetochore-like 
structures (Figure 24) and tripolar mitosis (Figure 37) observed in this study, may 
suggest that the LnCENHS deregulates the endogenous kinetochores formation and 
mitosis. 
From the results of tubulin immunolocalization, spindle fibers appeared to be 
connected to the kinetochores-like structures located at non-primary constriction sites 
(Figure 26A), yet further verification is required due to the low quality of the pictures. 
Also, the nature of these kinetochore-like structures remains to be determined. 
Antibodies against LnCENH3 and OsCENH3 respectively are needed to characterize 
these structures. 
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To full her investigate of the function of LnCENl 13, OsCIZNI 13 inducible 
knock-down transgenic plant has been generated (Chapter 3.2). By crossing with the 
LnCENH3-GFP expressing plant, native OsCENH3 expression can be knocked-
dovvn. Such plant materials are important to determine whether the expression of 
LnCENH3 can assemble function kinetochores in rice. 
4.5 Deletion of 8 amino acids in LeCENH3 
From the multiple sequences alignment results (Figure 29, Figure 31), the 
deletion of the 8 amino acid residues are situated at the a2-helix domain. The 
a2-helix is important to virtually all histone H3 family proteins, as is the binding 
domain that interacts with histone H4 (Luger et al., 1997; Sekulic et al., 2010; Zhou 
et al., 2011). For the canonical octameric nucleosome, the a2-helix of H3 directly 
interacts with the a2-helix of H4 (Luger et al., 1997). This interaction provides a 
strong binding in the H3-H4 heterodimer and mediates reduction in conformational 
flexibility prior to the assembly of it into nucleosome, hence allows the nucleosome 
to stably wrap with the D N A molecule (Black et al., 2004). 
For the centromeric nucleosome, all of the models that have been proposed 
consisting of CenH3-H4 dimer (Chapter 1.2), thus the interaction of CenH3 to H4 is 
crucial. The CENP-A a2-helix L94 residue to LI05 residue was proven to interact 
with H4 a2-helix T54 residue to V65 (Figure 33). The deletion of the 8 amino acid 
residues in LeCENH3 is equivalent to F101 to D108 residues in CENP-A (Figure 34). 
This deletion causes the LeCENH3 loses exactly half of the interacting helix to H4, 
in which the a2-helix is shorten for 2 helical turns structurally. It is predicted to cause 
abnormal binding and conformation changes of the CenH3-H4 dimer as well as the 
centromeric nucleosome, but needs to be experimentally determined. 
Furthermore, 2 amino acid residues (HI04, LI 12) within the deletion region 
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were shown lo be ncccssary for ccnlromcre targeting of CenI 13 in human (Sckulic cl 
al., 2010). All canonical H3s analyzed contain residues of "YLVGLFED" in that 
deletion region (Figure 3 1), in contrast, the CenH3s analyzed show a lower degree of 
consensus (Figure 31). Most importantly, most of the CenHSs related to species with 
holocentrism show a high degree of variation within the a2-helix, especially within 
the deletion region, and they are found to be not closely clustering with other CenH3 
or H3 in phylogenetic relationship analysis (Figure 35). 
Therefore, base on previous research (Sekulic et al., 2010), I hypothesize that the 
amino acid sequence on the relative deletion position of the a2-helix in CenH3 found 
in this study is necessary for centromere targeting of CenH3 through direct binding 
to centromeric D N A s or other mechanisms. This hypothesis explains the mutated 
CenH3s (Sekulic et al., 2010) and canonical H3s do not localize to the centromere as 
the conformation of the protein and the nucleosome formed do not match the 
centromere targeting machinery; it explains the high degree of variation within the 
a2-helix of LnCENH3, LeCENH3 and CeHCP3, as these CenHSs do not localize to 
a definite centromere thus centromere targeting ability is no longer important 
because no evolutionary selection force was exerted to maintain consensus within 
that region. Swapping of the a2-helix and/or the deletion region between canonical 
H3 and CenH3 can prove or disprove this hypothesis. 
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(CENP-A-H4； 
Figure 33 CENP-A and H4 interaction interface 
Diagram showing the binding interface of CENP-A and H4. Figure is adapted from 
Sekulic, 2010 (Sekulic et al., 2010). 
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Chapter 5 Conclusion 
In this study, LnCENH3-GFP chimeric gene was introduced into rice. The in 
vitro binding affinity of LnCENH3-GFP towards centromeric D N A and 
non-centromeric D N A were compared with OsCENHS. Chromosomes of the 
LnCENH3-GFP expressing cells were examined by fluorescent microscopy, and 
tubulin immunolocalization was performed to visualize functional kinetochores. 
Cloning of the CenH3s of other species in the genus Luzula was performed to see if 
there are any common features shared by CenH3s from Luzula species. 
LnCENH3-GFP shows similar in vitro affinity to centromeric and 
non-centromeric D N A sequences of rice, while OsCENHS preferentially binds to 
centromeric D N A sequences. LnCENH3-GFP localizes throughout the entire 
chromatin, and kinetochore-like structures with possible spindle attachments were 
observed occasionally. 
However, holocentrism is not observed in LnCENH3-GFP expressing rice. In 
addition, LeCENH3 was cloned and an 8 amino acid residue deletion situated in the 
a2-helix region was observed by comparing with other CenH3 proteins. The deletion 
is speculated to be important for centromere targeting of monocentric CenH3. 
This study illustrates CenH3 from organism with holocentric chromosomes is 
insufficient to cause holocentrism in a species with monocentric chromosomes, and 
the introduction of LnCENH3 to rice may deregulates mitosis and the stability of rice 
chromosomes. Further studies are required to reveal the important domains of CenH3 
related to kinetochore formation. 
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LeCENK3 QAEALIALQEAS Ec| ^NMLAIHARRVTILKKDIQLARRIGA 159 
CENP-A QAQALLALQEAAEAFLVHLFEDKYLLTLHAGRVTLFPKDVQLARRIRGLEEGLG 14 0 
Figure 34 Partial sequence alignment of LeCENH3 and CENP-A 
The alignment was generated using ClustalW software. Boxes indicate the deletion 
site. An “*，，(asterisk) indicates identical residue. A “:” (colon) indicates highly 
conserved residue. A “•，，(period) indicates partially conserved residue. 
















Figure 35 Phylogenetic relationship of a2-helix of selected CENH3s and H3s. 
Phylogenetic tree of a2-helix of selected CENHSs and canonical histone H3s. AtH3 
& AtHTR12 (A. thaliana), OsH3 & OsCENH3 (O. sativa), O o C E N H S (O. 
officinalis), Z m H 3 & Z m C E N H 3 (Z. mays), LnCENH3-A & LnCENH3-B (Z. nivea), 
NtH3 & NtCENH3 {Nicotiana tabacum), LeCENH3 (Z. effusa) and CeH3 & 
CeHCP3 (C. elegans). Bootstrap values in 1,000 tests are indicated on the branches. 
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Coding GC 42.93^； 1st letter GC 50.00^ o 2nd letter GC 39.00^ o3rdletter GC 
Table 5 Codon usage of C. elegans 
Data retrieved from codon usage database (http://www.kazusa.or.jp/codon/). 
On-a uinva [gbpln]: 9 2 1 8 8 C D S ' s ( 3 4 1 3 2 2 8 3 codous ) 
fields; [triplet] [frequency： p e r t b o u s a n d ] ([iimnber]) 
•JTJ 15 . 1 1 - i ^ e o e s ! U C U 12 .7 ('3536:4) U A U 1 0 . 0 ( 3 3 9 6 3 5 ) U G U 6 . 2 1；211605| 
UUC 22 ("6.55:6) UCC 16.； ( 5 5 ~ 2 51) UAC 二 5.1(5 二 7042) UGC 12 . 4 (422:51) 
TJJv 6. 二（205&二二） UCA 二 2.4(424426) UAA ：•. 7 ( 2 2S60) UGA 1.2 ( 41:56 二） 
UjG 二4 • : I. 二;5) UCG 12.5(420E25i UAG 0 . : ( 2S50 = ) UGS IS . 5 ( 4~2 543) 
：-rj 15.2 f51-519i CCU 15.6 HeS-iSS) CAU 二二 . 3 (3 = 5i74) CGU ".2 i:244r21l 
C J.： 25 •三 f 5 S.::’5-S9) CCC 二2 . 二 i( 4 5 c ) CAC 13 . 5 (-5705601 CGC 16.1 (55：'575) 
C'jA — . 1,2 53.三•"二） CCA It , 2 1 "3 : 62 £3) CAA IS . 5 (•i 60234 ) C2A 6.4 (219662) 
C'JG 2二 • I: - 二 652 5 ) CCG • ( 61:5159) CAG 20 . z (709469) CGG 13.4(45: 602 ) 
•—• -J _ 1 , ^  •rvw J _ J . O i, G w 1 vj » J J ‘ . * I, — < Q ^  ,! J - . _ I, ^ 'J J - ,1 
I-.'J'C L-'.'z (66220") ACC 14.9150:156) AAC Iz . 5 i eSSOl"/) AGC 16.0 ( 5 5 5 2 9) 
A'jA r . r I, 3 0 0 0 z 5) ACA 11 . 6 (3 5 4 c 0 3 :i AAA 16.0 ( 5 4 4 4 6) AG A 10 . 5 (3 5 r 2 2 6) 
AUS 23 . z i' E 12 4 5 2 ) ACS 11. ( 35 5 03 6 j AAG 32 • 3 (二 101342 ) AGG 16.0 (544515 i 
GUU 15 . 5 I： 52 9505) GCU 15.6 ！ ee'EB-i) GAU 25 . 3 f£63S<53j C-GU 1-3.S (5056j5i 
GUC 20.1 i;6r5571) GCC 50. = (1050''2S) GAC 2: . 1 (55949c) GGC 2 9 . 5 ( iOOS-^ Ol) 
GJA 6 . £. f25-'^ 61) GCA 17 . S (591267) 21.6 (75S551) GGA 15. 9 (54226^) 
2 4.S (:2:6.：1) G-CG 26.6(905654) GAG- 3 3 . 6 (1315S2 6) GGG 17.1 (5£3S57) 
Coding GC 55_26% 1st letter GC 5S.19。々  2nd letter GC 45.97<'o3rd letter GC 6L6P0 
Table 6 Codon usage of O. sativa 
Data retrieved from codon usage database (http://www.kazusa.or.jp/codon/). 
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Figure 36 Full length optimized D N A sequence of the CeHCP3 gene. 
Full length optimized D N A sequence of 867bp gene encoding CeHCP3. Codon 





Figure 37 Tripolar metaphase of LnCENHS transgenic construct 
The tubulin was labeled with FITC by antibody and the chromosomes were stained 
with DAPI. The spindle fibers (visualized by tubulin immunolocalization) attached to 
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